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A THEORY FOR  PREDICTING THE ROTATIONAL 

AND VORTEX N O I S E  OF LIFTING ROTORS 

I N  HOVER AND FORWARD FLIGHT 

By S. Sene Sadler and  Robert G. Loewy 

SUMMARY 

In  the  analysis   techniques  developed i n  t h i s   r e p o r t   t h e  lift- 
i n g   r o t o r  was considered as a swept  surface on which area  segments 
a r e   s u b j e c t e d   t o   o s c i l l a t i n g   p r e s s u r e s   e x p r e s s e d   a s  a Four ie r  
series i n  t i m e .  The o s c i l l a t i n g   p r e s s u r e s  were assumed t o  be 
sepa rab le   i n to   t hose   g iv ing  rise t o  normal l i f t  and  drag, i .e. ,  
assoc ia ted   wi th   resu l tan t   angle   o f   a t tack   changes   ( ro ta t iona l  
e f f e c t s )  , and  those  associated w i t h  the  shedding  of  eddies  as 'a 
r e s u l t   o f  boundary   l aye r   o sc i l l a t ions  on b luf f   bodies   (vor tex  
street e f f e c t s ) .  The sound  pressure   a t  any f i e l d   p o i n t  w a s  then 
found by numer i ca l   i n t eg ra t ion   ove r   a l l   t he   a r ea   s egmen t s   o f   t he  
swept  surface.  

This method a l l o w s   e i t h e r   n e a r   o r   f a r   f i e l d   n o i s e   t o  be  calcu- 
l a t e d ,   i n c l u d i n g   a l l   e f f e c t s   o t h e r   t h a n   b l a d e   t h i c k n e s s  and random 
tu rbu lence   i n   t he   boundary   l aye r   o r   t he  wake. The e f f e c t s   o f   b o t h  
impulsive  changes  in  load  around  the  azimuth and t h a t   o f   v o r t e x  
noise  were inves t iga t ed   fo r   va r ious   f l i gh t   cond i t ions   fo r   t he  H-34 
h e l i c o p t e r  and f o r   t h e  HU-1A he l i cop te r   i n   hove r .  The p red ic t ed  
noise  i s  presented   bo th   as   p lo ts   o f   sound  pressure   l eve l   versus  
harmonic number and by p lo t s   o f   p re s su re  time h i s t o r y .  Comparisons 
o f   p red ic t ed   r e su l t s  w i t h  appropriate  measurements  obtained  for  the 
HU-1A and H-34  w e r e  made f o r  selected cases .  

The main o v e r a l l   r e s u l t s   o f   t h e   i n v e s t i g a t i o n  were t h a t   t h e  
inc lus ion   of   vor tex   shedding   e f fec ts  i n  addi t ion  to  t h e   r o t a t i o n a l  
e f f e c t s   s i g n i f i c a n t l y  improved the  predict ion  of   the  measured  noise  
l e v e l s   a s  compared t o   t h a t   o b t a i n e d  by cons ider ing   on ly   ro ta t iona l  
e f f e c t s ,  and t h a t   " b l a d e   s l a p "   c h a r a c t e r i s t i c s  are most r e a d i l y  
observed  and  thus  investigated  through  the  use  of  pressure t i m e  
h i s t o r y   p l o t s .  

INTRODUCTION 

The use of t u r b i n e  power p l a n t s   i n   r o t a r y  wing  and V/STOL a i r -  
c r a f t   l e a v e s   t h e   r o t o r - p r o p e l l e r   a s  an important  source  of low- 
f requency   no ise .   Mi l i ta ry   appl ica t ions   o f   he l icopters   in  tact ical  
s i t u a t i o n s  (ref. 1) , as w e l l  as   increased commercial use   i n   heav i ly  



populated areas, have made u n d e r s t a n d i n g   t h e   l i f t i n g   r o t o r -  
p r o p e l l e r   a s  a noise   source  an  important   technical   object ive.  
Discomfort,  proficiency  impairment, and the  danger  of  permanent 
hear ing loss due t o  h i g h   i n t e n s i t y   n o i s e   i n s i d e   t h e   a i r c r a f t  are 
impor tan t   addi t iona l   mot iva t ions   for   deve loping  better understand- 
ing of ro tor   no ise .   This  i s  e s p e c i a l l y   t r u e   s i n c e  it i s  genera l ly  
accepted (see r e f .  2, fo r  example) t ha t   r educ t ions   o f  low frequen- 
cy n o i s e   i n s i d e   t h e   a i r c r a f t  must be achieved a t   t h e   s o u r c e .  I n  
p a r t i c u l a r ,   t h e   w e i g h t   p e n a l t y   f o r   s i g n i f i c a n t   a t t e n u a t i o n  i n s i d e  
t h e   a i r c r a f t  i s  usua l ly   p roh ib i t i ve   fo r   f r equenc ie s  below  about 
200 cps. It  is  appa ren t   t he re fo re   t ha t   i f   t he   r equ i r ed   r educ t ions  
a r e   t o  be  obtained by modi f ica t ion   of   the   bas ic   e lements  which pro- 
duce  the  noise  these c h a r a c t e r i s t i c s  must be fu l ly   unde r s tood  be- 
f o r e  they  can be successful ly   modif ied.  

A cons iderable   foundat ion   of   exper ience   tha t   can  be a p p l i e d   t o  
the   subjec t   p roblem  ex is t s  by v i r tue   o f   p rope l l e r   no i se   r e sea rch  
performed i n   t h e   p a s t   ( r e f .  3 ,  4 and 5)  . I n  add i t ion ,   s eve ra l  
programs directed a t   i n c r e a s i n g  t h e  understanding  of   rotor   noise  
have   been   car r ied   ou t   recent ly  (ref. 6 through 1 0 ) .  Nevertheless,  
successfu l   p red ic t ion  of the  sound  pressure  level   versus   f requency 
has not  been rea l ized  t o   d a t e .  I t  i s  be l ieved   tha t   p rev ious  
at tempts   have  not   been  successful   because  both  the  rotat ional  and 
the   vo r t ex   shedd ing   e f f ec t s  have not  been  considered  simultaneously 
i n   t h e  development  of  these  methods.  Acceptable  prediction  of  the 
sound  pressure  level   versus   f requency i s  impor tan t   to   p rovide   the  
unders tanding   tha t  i s  requi red   before  any i n v e s t i g a t i o n   t o   r e d u c e  
the   no i se   l eve l   can  be successfully  accomplished. The purpose  of 
t he   p re sen t   s tudy ,   t he re fo re ,  was to   deve lop  a method by which 
b o t h   t h e   r o t a t i o n a l  and  vortex  shedding  effects  are proper ly  
accoun ted   fo r   i n   t he   p red ic t ion   o f   t he   no i se   gene ra t ed  by a l i f t i n g  
ro to r .  

Garrick and  Watkins' work ( r e f .  5)  and extensions  of  it have 
dea l t   w i th   ro t a t iona l   no i se   gene ra t ed   by   p rope l l e r s .  I n  re ference  
9 the  theory  of   Garr ick & Watkins was ex tended   to   a l low  pred ic t ion  
o f   t he   ro t a t iona l   no i se   gene ra t ed  by l i f t i n g   r o t o r s   i n   f o r w a r d  
f l i g h t .   T h i s   t h e o r y   f o r   p r e d i c t i n g . h e l i c o p t e r   r o t o r   n o i s e   h a s  been 
ex tended   he re   t o   i nc lude   t he   e f f ec t s   o f  the ro tor   be ing  acted upon 
by l i f t  and drag   forces   assoc ia ted   wi th   vor tex  street  type of shed 
vo r t i c i ty   a s   desc r ibed  by  Yudin ( r e f .  11) . 

The authors  wish  to  acknowledge the a s s i s t ance   o f  M r .  Harry 
S te rn fe ld  and M r .  Robert Spencer  of The Vertol  Division  of The 
Boeing Company, who provided  narrow  band  sound  spectrum  analyses 
and pressure  t i m e  h i s t o r i e s   f o r   u s e   i n   t h e   c o m p a r i s o n   o f   t h e o r e t i -  
cal  and  measured  data. 

2 



SYMBOLS 

% i r b m  i 

ASL 

B 

C 

C 

c; = ci COS e i 

d 

e 

pulse   shape   var iab les ,  see Fig. 9 ,  dimensionless 

normal ized   Four ie r   coef f ic ien ts   o f   genera l   p res -  
sure   pulse ,   d imensionless  

aerodynamic  section  loading, i.e. force  normal 
to   t he   b l ade   chord   pe r   un i t   span ,  pounds/inch 

number of   ro tor   b lades  

wave speed,  feet/second 

veloci ty   of   sound,   feet /second 

blade  chord  a t  i- r a d i a l   s t a t i o n ,  feet  t h  

s teady   par t   o f   the   p ro jec t ion   of   b lade   chord  on 
the   p lane   perpendicular   to  t h e  s h a f t ,   f e e t  

c o e f f i c i e n t s   o f   l i f t ,   i n c o m p r e s s i b l e   d r a g ,  com- 
p r e s s i b i l i t y   d r a g ,   t o t a l   d r a g ,   r e s p e c t i v e l y   a t  
source  point  i j ,  dimensionless 

c o e f f i c i e n t s   o f   o s c i l l a t o r y  lift and drag a t  
source  point  i j ,  dimensionless 

ampl i tude   coef f ic ien ts   o f   Four ie r  series f o r   l i f t ,  
incompressible   drag,   compressibi l i ty   drag,  
r e s p e c t i v e l y   a t   r a d i u s   s t a t i o n  i, dimensionless 

ampl i tude   coef f ic ien ts   o f   Four ie r  series f o r  
vor tex  street l i f t  and d r a g ,   r e s p e c t i v e l y   a t  
source  point  i j ,  dimensionless 

p ro jec t ed  body dimension i n  a direct ion  perpen-  
d i c u l a r   t o   t h e  l o c a l   r e s u l t a n t   v e l o c i t y ,  feet  

f lapping  hinge o f f , s e t ,   f e e t  
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f frequency  of  vortex street shedding,   cycles   per  
second 

Fmx 
complex  ampli tude  of   - force  act ing  on  the  f luid 
i n   t h e  x ,  y ,  z d i r e c t i o n s ,   r e s p e c t i v e l y ,   a t   t h e  
frequency of t h e  m- harmonic, a t  t he   sou rce  

i j  t h  

Fm po in t  i j  
Z i j  

h ver t ica l   d i s tance   be tween rows o f   v o r t i c e s   i n  
the   vor tex  s t reet ,  f e e t  

imaginary  uni t  

mB km = 7 inverse   of  wave length  of  m- harmonic ,   l / fee t  t h  

L i j l  Dc I D l i f t  , incompressible  drag,  compressible  drag , 
t o t a l   d r a g  , r e spec t ive ly ,   ac t ing  on incremental  
span   length   a t   source   po in t  i j ,  pound/foot 

Lv i j  Dv i j  
o s c i l l a t o r y   l i f t  and  drag.  acting on incremental  
span   length   a t   source   po in t  i j ,  pound/foot 

m harmonic number 

% = v/c Mach number 

% = v. . / c  
i j  1 3  

Mach number of a blade  e lement   a t   source  point  
i j  

n number of  azimuthal  increments 

P s inusoida l ly   vary ing   pressure ,  dynes/cm2 

r i 

complex ampli tude  of   pressure  s inusoidal ly   vary-  
ing   a t   f requency  o or  harmonic m 
blade t w i s t  angle   over   blade  length  f rom  f lap 
h i n g e   t o   t i p ,   p o s i t i v e  when decreasing  with 
increas ing   rad ius  , rad ians  

b l a d e   r a d i u s   a t   s t a t i o n  i, measured  from s h a f t  
axis  along  unflapped  blade,  feet 

R t o t a l   r o t o r   r a d i u s ,   f e e t  

'4 



'b 
h SR - - - Roshko' s "un ive r sa l   S t rouha l  number" 

fU 
St - d - St rouha l  number 

SPL = 20 log10 - pLmS 

'ref 
sound  pressure   l eve l ,   dec ibe ls  

V 

vD 

a i j  

a S 

B O  

B 1  

B2 

t i m e ,  sec, measured from IJJ = 0 

fundamental  period,  second 

ve loc i ty   j u s t   ou t s ide   boundary   l aye r ,  a t  
s epa ra t ion   po in t   o f  wake, feet/second 

r e s u l t a n t  a i r  ve loc i ty   pe rpend icu la r  t o  a blade 
leading  edge a t  source   po in t  i j ,  feet /second 

component of U i j  pe rpendicular   to   p lane   perpen-  
d i c u l a r  t o  sha f t   ax i s   swep t   su r f ace ,   pos i t i ve  
up,  feet/second 

component of U i j  t a n g e n t   t o  a p lane   perpendicular  
t o  the   , sha f t   ax i s ,   f ee t / s econd  

a i rc raf t   forward   ve loc i ty ,   fee t / second 

a i r c r a f t   d e s c e n t   v e l o c i t y ,   f e e t / s e c o n d  

blade  element  aerodynamic  angle  of  at tack a t  
source   po in t  i j ,  rad ians  

tilt of ro tor  s h a f t   r e l a t i v e   t o   v e r t i c a l ,   p o s i t i v e  
a f t  , r ad ians  

coning  angle,   measured  posit ive up  from a p lane  
perpendicular  t o  t h e   s h a f t  arm, rad ians  

c o e f f i c i e n t  of l o n g i t u d i n a l   f l a p p i n g ,   p o s i t i v e  
so as t o  make rotor  s h a f t  tilt a f t ,   r a d i a n s  

c o e f f i c i e n t   o f  l a te ra l  f l app ing ,   pos i t i ve  so as 
t o  make rotor s h a f t  tilt to  port ,  radians 
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.. 

r c i r c u l a t i o n   o f  an i n d i v i d u a l   v o r t e x   i n   t h e  
vor tex  street, feet2/second 

q (ri-e) 
(R-e)  

e l  = e o  - s teady   par t   o f  e i j ,  r ad ians  

9 2  

co l l ec t ive   geomet r i c   p i t ch   ang le ,   r ad ians ,  
pos i t i ve   nose  up 
l a t e r a l   c y c l i c   p i t c h   a n g l e ,   r a d i a n s ,   p o s i t i v e  
nose up 

long i tud ina l   cyc l i c   p i t ch   ang le ,   r ad ians ,  
pos i t i ve   nose  up 

P a i r  mass d e n s i t y ,   s l u g s / f e e t 3  

c COS e i .  
T - i 
i j  r 

- ' dura t ion  of p r e s s u r e   p u l s e   a t   s o u r c e   p o i n t  i j ,  
i second 

J, azimuth  angle  zero  in t h e  t ra i led p o s i t i o n ,  
degrees o r  rad ians  

= . a r c   t a n  (Up&) i j 

w f requency  of   osci l la tory  pressure,   radians/second 
52 ro tor   angular   ve loc i ty ,   rad ians /second 

Subscr ip ts  

i r a d i a l   s t a t i o n  

I imaginary  par t  

j az imutha l   s t a t ion  

m harmonic number 

0 f i e l d   p o i n t ,   o r   s t e a d y  component 

R r e a l   p a r t  

x ,  Y I  d i rec t ion   o f   fo rce ,   a long   pos i t i ve   Ca r t e s i an   axes  

w frequency component 
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ANALYSIS 

The formulation  of  the  technique  developed  herein follows t h e  
general   procedure  developed  in   reference 9. The e . f f ec t s   o f   t he  
approximately  "white"  noise 'which e x i s t s   i n   t h e   t u r b u l e n t  boundary 
layer   sheathing  the  blades,   which is  modula ted   for   the   observer   a t  
the   b lade   passage   f requency   ( re f .  7.) was i g n o r e d   i n   t h i s   s t u d y .  
Also, as d i scussed   i n   r e f e rences  1 2  and 13, pres su re   f l uc tua t ions  
due t o  the   passage   o f   the  complex w a k ~   o f   t r a i l e d   v o r t i c i t y  as 
experienced by an obse rve r   t r ans l a t ing   w i th   t he   ro to r  were not  con- 
s idered.  The e f f e c t s   o f   t h e   t r a i l e d   v o r t i c i t y  were accounted  for  
i nd i r ec t ly   t h rough   t he i r   e f f ec t   on   t he   az imutha l  and r a d i a l  distri- 
but ion   of   the   b lade   loads .   Ef fec ts   spec i f ica l ly   accounted   for   in  
the  analysis   procedure  developed  herein  include:  

1. 

2. 

3 .  

4 .  

5. 

6. 

azimuthal and r ad ia l   va r i a t ions   o f   t he   ve loc i ty   no rma l  t o  
the   l ead ing   edge ,   t he   ang le   o f   a t t ack ,  and t h e   l i f t  and 
drag  forces  ; 

non-linear and   compress ib le   a i r fo i l   sec t ion   charac te r i s -  
t i cs  : 

numerical in t eg ra t ion   ove r   t he   ro to r ,   e l imina t ing   nea r  and 
far-f ie ld   approximations:  

reversed  f low; 

b l ade   con ing ,   co l l ec t ive   p i t ch ,  and f irst  harmonic  flap- 
p ing   and   cyc l ic   p i tch :  and 

azimuthal and r ad ia l   va r i a t ions   o f   t he   vo r t ex  street  
shedding  frequency and s t rength .  

The effects  of r a d i a l  and  azimuthal  inflow  nonuniformities  at  t h e  
ro tor   whether   due   to   the   fundamenta l   aerodynamic   charac te r i s t ics  
o f   r o t o r s   i n   f o r w a r d   f l i g h t   o r  due to   blade-fuselage  and/or   rotor-  
r o t o r   i n t e r f e r e n c e  were, of  course,   included i n  t h a t   t h e  method 
uses  measured  blade a i r   l o a d s .  

A numerical  approach t o   t h e   . p r e d i c t i o n   o f   t h e   r o t a t i o n a l   n o i s e  
has  been shown t o  be useful   ( r .ef .  9) i n   t h a t   t h e   p r e v i o u s l y  dis-  
cussed   e f f ec t s   can  be i n c l u d e d   t o  any desired  degree  of   ref inement .  
Fo r   t h i s   r ea son ,   t he  same approach  has  been  used i n  t h e  development 
o f   t he  method repor ted   here in ,  which inc ludes   bo th   ro t a t iona i  and 
shed   vor tex   e f fec ts .   S ince   the  method formulated  herein makes use 
of   Garr ick  and  Watkins '   basic   theory  ( ref .  5) t h e   d i s t o r t i o n   o f  
d i p o l e   r a d i a t i o n   p a t t e r n  and  Doppler e f f e c t s  (which  can  cause 
s ign i f i can t   f r equency   sh i f t s   fo r   an   obse rve r   i n   t he   nonro ta t ing  
system) are an inhe ren t   pa r t   o f   t he   ana lys i s   p rocedure .  

7 



Derivat ion of Acoustic  and  Geometric  Relationships 

Three  coordinate  systems were u s e d   i n   t h e   a n a l y s i s   t e c h n i q u e  
t h a t  i s  developed  herein. A polar   coord ina te   sys tem w a s  used t o  
desc r ibe   t he   az imutha l   and   r ad ia l   va r i a t ion   o f   b l ade   fo rces   i n   t he  
ro tor   d i sc ,   the   Car tes ian   coord ina te   sys tem was used   t o   desc r ibe  
t h e   l o c a t i o n   o f  a source  point  on the d i s c   w i t h   r e s p e c t   t o   a n  
observer ,  and a polar   coordinate   system was used   t o   desc r ibe  the 
loca t ion   o f  an observer.  A l l  of t h e  coordinate  systems  have their  
o r i g i n   a t   t h e  center o f   t h e   r o t o r  hub (see f i g u r e  1) , so t h a t  they 
t r a n s l a t e   w i t h   t h e   f l i g h t   v e l o c i t y ,  V. The Cartesian  coordinate  
system is or ien ted   such   tha t  (1) the   z -ax is  i s  v e r t i c a l ,  and ( 2 )  
t h e   p o s i t i v e   x - d i r e c t i o n   p o i n t s  i n  t h e   d i r e c t i o n   o f   f l i g h t .  The 
polar   coordinate   system which descr ibes  the locat ion  of   an  observer  
measures  the  azimuth  angle, $ o ,  i n   t h e  x-y plane and i s  zero on t h e  
negative  x-axis.  The polar   coordinate   system which desc r ibes   t he  
l o c a t i o n   o f   q u a n t i t i e s   i n  the r o t o r   d i s c  i s  o r i e n t e d   s u c h   t h a t  the 
azimuth  angle, $, is  def ined i n  a p l ane   pe rpend icu la r   t o   t he   sha f t  
and i s  taken   to   be   zero  on the   nega t ive   x -ax is ,   as  i s  shown i n  
f i g u r e  2. Po in ts  on the   sur face   a rea   swept   ou t  by t h e  ro to r   b l ades  
a t  which the   ins tan taneous   b lade   forces   a re  assumed t o   a c t   a r e  
ca l led   "source   po in ts"  and are   loca ted  by x,   y ,  z coordinates .  A 
genera l   po in t   ou ts ide  the swept   a rea   bu t   t rans la t ing  w i t h  the  r o t o r  
i s  c a l l e d  a " f i e l d   p o i n t "  and is  loca ted  by X O ,  yo, z o  i n  t h e  
Cartesian  coordinate  system and by Ro, $ 0 ,  Z O  i n  a po lar   coord ina te  
system.  Since  integrat ion i s  performed  over  the  swept  area,   the 
"source  points"   a ' re   specif ied  using a doub le   subsc r ip t   no ta t ion  i ,  
j .  . Here i i d e n t i f i e s   t h e   r a d i a l   p o s i t i o n  and j the  azimuthal  
pos i t i on .  

Equat ions,   for   determining  x ,  y ,  z coord ina tes   o f  t h e  source 
poin ts   a re   der ived   geometr ica l ly  by examining the pos i t i on   o f  a 
pa r t i cu la r   b l ade   o f  t h e  r o t o r   a t  any time, t. It was assumed t h a t  
t he   b l ade  i s  in f l ex ib l e   bu t   has  a " f l a p p i n g   h i n g e , "   o f f s e t  a dis-  
t ance ,  e ,  from the   cen ter   o f   ro ta t ion .   This   a l lows  a b l a d e   t o  
ro t a t e   ou t   o f   t he   p l ane   o f   ro t a t ion   t h rough   an   ang le  B which i s  
assumed t o  be small. A po in t  on t h e  blade i s  def ined  as   being a 
d i s t ance  r from the cen te r  of r o t a t i o n  when B = 0 .  N o  o t h e r  
mot ion   of   the   b lades   wi th   respec t   to   the   hub ,   o ther   than   p i tch  
changes  (denoted by e i j ) ,  were taken   in to   account .  The r o t o r  
s h a f t  i s  a l lowed   t o  be t i l t e d   t h r o u g h  an angle  as i n   t h e   l o n g i -  
tudinal   p lane.   Blade  point   coordinates   are   then  given (see, f o r  
example, r e f .  141, when small   angle  assumptions  are made f o r  
s i n  B and  cos 0,  by 

j' 

xij - - 
- r cos $ cos as - B .  (ri - e) s i n  as 

i j 3 
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As i n   r e f e r e n c e  5 ,  t he   s inuso ida l ly   va ry ing   p re s su re  a t  a f i e l d  
p o i n t  ( X O ,  yo, 20) with  the  f requency w = mBS2 i s  def ined  as 

H e r e  s2 is  the   ro ta t ing   f requency   of   the  ro tor ,  and R e ,  of   course,  
s i g n i f i e s   t a k i n g   t h e  rea l  p a r t   o f  a complex number. Periodic  condi- 
t i o n s  are assumed; i .e. ,  what  happens i n  one  revolution  happens  in 
eve ry   o the r ,  and i n   f a c t ,  what  happens t o  one  blade a t  a p a r t i c u l a r  
azimuth i s  repeated  on  every  other   blade when it i s  a t  that   azimuth.  

I t  f o l l o w s ,   t h e r e f o r e ,   t h a t  t h e  fundamental  period is  T = - 0  nB ' *' and 

m i s  the  harmonic number. By determining t h e  harmonic  components 
of t h e   f o r c e s   a c t i n q   o n   t h e   f l u i d  a t  a sou rce   po in t   i n   t he   d i r ec -  
t i ons   o f   t he   coo rd ina te   axes ,  namely Fm , Fm- , and Fm , then  

X i j  Y i  j Z i j  

t he   sound   p re s su re   a t  a f i e l d   p o i n t  can be  calculated  from  the 
express ion  

which w a s  g i v e n ,   i n   s l i g h t l y   d i f f e r e n t   f o r m ,  as eq. ( 6 )  i n   r e f e r -  
ence 5. Here, 

I 

s = 4 x 0  x) 2 + y[(yo - y) 2 + (20 - 2) 2-J 
~. 
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%(x0 - x) + s 

Y2 
Q =  

C = veloci ty   of   sound 

A s  may be  seen f r o m  equat ion (21 ,  Fourier  components  of  force 
vectors   are   needed  for   computat ion of sound p res su res .   In  order 
t o  compute these   fo rces ,  however, the  blade  normal   and  tangent ia l  
v e l o c i t y  components  and  thk  angle  of  attack  must be determined. 

The normal  velocity component des igna ted  by U i s  p a r a l l e l   t o  
t h e   s h a f t   a x i s  and i s  pos i t i ve   up ,  and t h e   t a n g e n t i a l   v e l o c i t y  com- 
ponent UT, i s  p e r p e n d i c u l a r   t o  the sha f t   ax i s   and  i s  p o s i t i v e  when 
d i r e c t e d  toward the   a i r fo i l   l ead ing   edge .   Accoun t ing   fo r  components 
of forward  speed,   rotat ional   speed,   descent   speed,   an  average  in-  
duced  veloci ty  component v,   (assumed  posit ive down) and  an e f f ec -  
t i v e  component  normal t o  the  chord as a r e s u l t   o f   f l a p p i n g   v e l o c i t y  
i f  y i e l d s   t h e   f o l l o w i n g   e x p r e s s i o n s   f o r   t h e  t w o  velocity  components,  

P 

UT = V cos as s i n  $ + fir - V s i n  a s i n  $, D S 

U = V ( s i n  as - B cos a cos 
P S 

- v - i c ( r - e )  + VD cos a . 
S 

These   express ions   for   the   ve loc i ty  components were der ived   neglec t -  
i n g   t h e   r a d i a l  component o f   ve loc i ty ,   app ly ing   t he   sma l l   ang le  
approximation t o  the  f lapping  motion,   and  assuming  that   the   usual  
two-dimensional s t r ip   theory   approach  i s  app l i cab le .  The a c t u a l  
induced   ve loc i ty  i s  a quan t i ty ,   wh ich ,   i n   gene ra l ,   va r i e s   bo th  
over the   b l ade   r ad ius  and  azimuth,  and i t s  ca lcu la t ion   has   been  
t h e   s u b j e c t  of ex tens ive   research .  Its e f fec t  on angle of a t t a c k  
may b e   q u i t e   s i g n i f i c a n t ,   e s p e c i a l l y  where U might  otherwise  be 
small. It is  usua l ly  assumed,  however, tha t   induced  velocit ies i n  

P 
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t h e  p l h e  .of t h e  rotor are small. compared to. UT, except   where  that  
v e l o c i t y  is small, i n  which  case  the  resul t ing  fo . rces   are  unimpor- 
t an t .   Fo r  th i s  r eason ,   t he   r e su l t i ng   ve loc i ty  Ui i s  ca l cu la t ed  
using an  induced  veloci ty  v assumed t o  be uniform  over   the  disc ,  
and c a l c u l a t e d   f o r   h o v e r  and fo rward   f l i gh t  from t h e  momentum 
theory  expres 's ion  ( ref .   15)  , 

v =  t h r u s t  
2 r R 2 p  [ ( v   s i n  - v) 2 + (V COS a s ) 2 1  1 / 2  

For  the  case  of a h e l i c o p t e r   i n   v e r t i c a l  descent the  induced  veloc- 
i t y  w a s  determined  approximately from f i g u r e  6 - 9 of  reference 
14. 

As shown i n  f i g u r e  3 ,  the   blade  angle   of   a t tack,  a i j  i s  a 
func t ion   of   the   ve loc i ty  components U and UT and t h e   l o c a l  geo- 
metric b lade   p i tch   angle ,  . As i n  re ference  9 ,  t hese   ve loc i ty  

P 
'i-i 

components are used in  conjunction  with  experimentally  determined 
a i r f o i l   s e c t i o n   c o e f f i c i e n t s  and  measured  aerodvnamic  normal  forces 
t o  de te rmine   t he   r ad ia l  and  azimuthal   var ia t ion;   of   the   sect ion 
angle   o f   a t tack  and t h e   l i f t  and  drag  forces. The manner i n  which 
t h i s  i s  accomplished i s  presented i n  d e t a i l  i n  re ference  9 and i s  
o u t l i n e d   b r i e f l y  below. The r e s u l t a n t   v e l o c i t y   f o r   e a c h  element 
of  swept  area  corresponding t o  a source  point  i s  ca l cu la t ed  from 

1 

+ (V s i n  a s  - V@ cos a s  cos - v - i ( r  - e) + vD COS a S ) 2 1 2  
- 

t h e  Mach number from 

% = u. ./c 
ij =I 



and the normal   force   coef f ic ien t ,  CN , from 
i j  

(Eq. 5 of ref. 9 has   an   e r ro r   i n  t h i s  equat ion.  The A r i  term i n  
the  denominator   of   the   r ight   hand  s ide  should  not   .have  been  pres-  
e n t ) .  These  values   for  % and CN were used to   determine  aero-  

i j   i j  
dynamic angle   of   a t tack,  ai , c o e f f i c i e n t s   o f  l i f t  cL , incompres- 

i j  
s i b l e   d r a g ,  c , and compressible  drag, c , from  measured  data. 

DV i j  DW i j  

The d e t a i l s   o f   t h i s   p r o c e d u r e   a r e   g i v e n   i n   r e f e r e n c e  9. 

This  method uses   the   sec t iona l   da ta   to   de te rmine   the   aerody-  
namic  forces   act ing on the   b lade   as   vec tors   para l le l   to   and   perpen-  
d i c u l a r   t o   t h e   i n s t a n t a n e o u s   r e s u l t a n t   v e l o c i t y .  I t  follows from a 
straightforward  transformation  of  coordinates,   using  the  approxima- 
t i o n s  cos B = 1 and s i n  B = 6, t h a t  the f o r c e s   i n   t h e  x, y ,  and z 
d i r e c t i o n s   a r e  

Fx = [(L s i n  I$ - D cos 9 )  cos a s i n  I) 
S 

+ ( L  cos 9 + D s i n  Q )  ( B  cos as cos $ - s i n  as) 

F = [(L cos 9 + D s i n  4 ) B  s i n  J, - (L s i n  Q - D cos 9 )  cos $1 
Y 

F, = [(L s i n  $ - D cos 9 )  s i n  as s i n  I) 

r e spec t ive ly ,  where,. fo r   conven ience ,   t he   subsc r ip t s  m,  i f  and 
j are  omitted  and  considered t o  be understood. 
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Representation  of  Vortex Street C h a r a c t e r i s t i c s  

The vortex street phenomenon exis t s .   on ly  when a separa ted  wake 
e x i s t s ,  and v i s c o u s   e f f e c t s  as seen   in   the   boundary   l ayer   a re   the  
source   o f   the  wake. One o f   t he   ob jec t s   o f   a i r fo i l   des ign  is ,  of 
course,   to   minimize  separat ion.  I t  cannot be completely  prevented, 
but   in   the  normal   operat ing  range  of   angles   of   a t tack  of  smooth 
a ' i r f o i l s  it occurs   near   the   t ra i l ing   edge .   There  i s  a dear th  of 
r e fe rences   i n   t he   l i t e r a tu re   conce rn ing   vo r t ex  streets a s soc ia t ed  
w i t h   a i r f o i l   s h a p e s  a t  angles   of   a t tack below s t a l l .  Some evidence 
t h a t  it does   ex i s t ,  as has   been   impl ic i t ly  assumed  by  Yudin 
( r e f .  13), Hubbard  and Regier   ( re f .  181, and Schlegel ,  et a l .  

could   no t   f ind  a discrete   vortex  noise   f requency 'during  experiments  
i n  which a l l   s e c t i o n s   b u t   o n e   o f  a ro ta t ing   rod  were s t reamlined 
c ross   s ec t ions .   Th i s   sugges t s   s t rong ly   t ha t   t he   s t r eaml ined  sec- 
t i ons   shed   vo r t i ce s  as w e l l  as t h e  non-streamlined  section. As 
another  instance,  measurements  of  axial-flow  fan  noise showed a 
ve loc i ty  dependency   propor t iona l   to   the   s ix th  power o f   t h e   t i p  
speed   ( re f .  2 0 )  . T h i s   r e s u l t   c o r r e l a t e s  w e l l  w i th   t he   t i p   speed  
power dependence  predicted by Yudin's  theory,  which i s  based on 
the  vortex street  mechanism. Also, Blokhin tsev   ( re f .  2 1 )  r e p o r t s  
t h a t  t h e  vor tex   no ise   o f   p rope l le rs   has  a spectrum i n  which a 
narrow  range of f r equenc ie s   s t ands   ou t   r e l a t ive ly   s t rong ly ,  which 
i s  understandable i f   t h e   i n t e n s i t y   o f   t h e   v o r t e x   n o i s e  i s  propor- 
t i o n a l   t o   t h e   s i x t h  power of   the  veloci ty .  These cases   support  
t h e   i n t u i t i o n   o f   t h e   e a r l i e r   i n v e s t i g a t o r s   ( r e f s .  8 ,  13 ,  and 1 8 ) ;  
namely, t h a t   t h e  wake formed  from a separated  boundary  layer  might 
be inf luenced by i t s  width a t  the   separa t ion   po in t  and t h e  flow 
condi t ions   there ,   bu t   no t  by the   de ta i led   shape   of   the   genera t ing  
body. 

' ( r e f .  8 ) ,  can  be  found. For example,  Stowell  and' Deming ( r e f .  1 9 )  

Roshko ( r e f .  2 2 )  has shown from theory ar,d expe r imen t   t ha t   t he  
d i s t ance  between t h e  separa t ion   po in ts  on a b luf f   cy l inder  and t h e  
va lue   o f   the   p ressure   coef f ic ien t   there  determines the  frequency  of 
t h e  vor tex  street and the  width  of   the  vortex s t reet  a f t e r   t h e  rows 
o f   t h e   v o r t i c e s  become p a r a l l e l .   T h i s   c l a r i f i e s  t h e  observed  varia- 
t i on   o f   S t rouha l  number with  Reynolds number f o r  a given body. The 
Strouhal  number had been def ined  as  

where - 
St - 

d =  

u =  
f =  

fU 
d St - - - 

Strouhal  number 

proj.ected  dimension  of  the body pe rpend icu la r   t o  t h e  
r e s u l t a n t   v e l o c i t y  

r e s u l t a n t   v e l o c i t y ,  and 

vor tex  street shedding  frequency,  in  cycles  per 
second. 
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The St rouhal  number def ined by t h i s   r e l a t i o n s h i p ,  however, i s  not  a 
universa l   cons tan t ;   as  i s  of ten   in t imated ,   bu t  i s  a function  of body 
geometry  and  Reynolds number. Roshko (ref. 22)  .def ines  a "universa l  
Strouhal  number," SR, which i s  no t  a funct ion  of  body geometry,  and 
i s  def ined as 

fh  

'b 
SR = - 

where SR = Roshko's  "universal   Strouhal number," with  numerical  
value  of  about 0.17, 

Ub = ve loc i ty   j u s t   ou t s ide   t he   boundary   l aye r  a t . t h e  separa- 
t i o n   p o i n t ,  and 

h = distance  between rows o f   v o r t i c e s   a f t e r   t h e y  become 
p a r a l l e l  . 

The "universa l   S t rouhal  number" as   def ined  by Roshko is, the re fo re ,  
dependent  on  Reynolds number o n l y   t o  the e x t e n t   t h a t   t h e   e x i s t e n c e  
of   vortex street shedding is limited t o  c e r t a i n  Reynolds number 
ranges. Roshko ( r e f .  22) and Bearman (ref.  23) show t h a t  Roshko's 
"universa l   S t rouhal  number" i s  n o t   v a l i d   f o r   f l o w s  which  involve 
wake in t e r f e rence   e l emen t s   such   a s   sp l i t t e r   p l a t e s  and base  bleed; 
bu t   these   e lements  are n o t   u s u a l l y   p r e s e n t   i n  a i r f o i l  appl ica t ions .  
With the  use  of   Roshko's   "universal   Strouhal  number," t he   vo r t ex  
frequency may be  determined  provided U and h are known. For   t h in ,  
s t reamlined  bodies  Ub U even when separa t ion   occurs   near   the  
maximum thickness .  Data i n   r e f e r e n c e  24 i n d i c a t e s   t h a t  Ub = 1.14U 
where  separat ion  occurred  near   the maximum thickness  of an NACA 
65 (216) -222 a i r fo i l  a t  angles of a t t a c k  of 8.1' and 10.1'. Thus, 
i n   t h i s  case, use  of U rather than Ub i n   t h e   S t r o u h a l  number def i -  
n i t i o n   a f f e c t s   t h e   f r e q u e n c y  by less than  15%. If w e  write 

b 

then f i s  the f r e q u e n c y   o f   t h e   o s c i l l a t o r y   l i f t   f o r c e   a s s o c i a t e d  
wi th   t he   vo r t ex  street. 

The wake thickness ,   h ,  is usual ly   def ined as being  proport ional  
t o  d,   the  projected  dimension  of the body p e r p e n d i c u l a r   t o   t h e   l o c a l  
r e s u l t a n t   v e l o c i t y .   F o r   t h i n   a i r f o i l s  a t  small angles of attack, 
d/ci is given  approximately  by 

d/ci = (tmax/ci) cos ct + s i n  a 

14 



where tm;x i s  t h e  maximum t h i c k n e s s   o f   t h e   a i r f o i l .  N o  experimental  

r e s u l t s  are known t o  be   ava i lab le   which   could   be   used   to  compare t h e  
h p red ic t ed  by t h e  form 

h = (constant)  x (d) 

w i th   t he  h “whelr t h e  rows o f   v o r t i c e s  become p a r a l l e l , ”   f o r   u s e   i n  
Roshko’s “un ive r sa l   S t rouha l  number” d e f i n i t i o n .  An h/d = 1 has 
been  used i n   r e f e r e n c e  8,  and an h/d = 1.54 was sugges t ed   i n  refer- 
ence 25. 

In   o rde r   t o   de t e rmine   vo r t ex  street n o i s e   t h e r e  are a number 
o f   c h a r a c t e r i s t i c s  which  must  be  defined.  These  characterist ics 
include  the  f requency of t h e   o s c i l l a t o r y   d r a g   a s s o c i a t e d   w i t h  the 
vor tex  street, as compared t o   t h e   f r e q u e n c y   o f   t h e   o s c i l l a t o r y  l i f t :  
and the   magn i tude   o f   t he   o sc i l l a to ry   vo r t ex  street l i f t  and drag 
forces .  The o s c i l l a t o r y   d r a g   f o r c e   a s s o c i a t e d   w i t h   t h e   v o r t e x  
street has twice the  f requency of t h e   o s c i l l a t o r y   l i f t   f o r c e  when 
t h e  body i s  symmetr ica l   wi th   respec t   to   the  free stream, as is t h e  
case f o r  a c i r c u l a r   c y l i n d e r   o r  a symmetrical a i r f o i l  a t  zero l i f t .  
That i s ,  t h e  effect of   the  vortex  arrangement  a t  an i n s t a n t   i n  time 
on the   p re s su re   d i s t r ibu t ion   abou t   t he  body g ives  the same drag 
effect as a vortex  arrangement  one  half   cycle later. I n   f i g u r e  4 ,  
t h e  two vor tex  street arrangements  which are 180° out  of  phase are 
i n d i c a t e d  by s o l i d  and  dashed  l ines ,   respect ively.  When t h e  body 
i s  no t  symmetrical w i t h   r e s p e c t   t o   t h e  free skream, v o r t i c e s  one- 
ha l f   cyc le   apa r t  do n o t   n e c e s s a r i l y   g i v e   t h e  same drag   e f f ec t .  
Therefore ,  as ang le   o f   a t t ack   i nc reases   t he re  is an   increas ingly  
important compokent o f   t h e   o s c i l l a t o r y   d r a g  which  has  the same fre- 
q u e n c y   a s   t h e   o s c i l l a t o r y   v o r t e x   l i f t .   I n   a d d i t i o n ,  it i s  expected 
t h a t   t h e   a i r f o i l s  w i l l  operate   most   of   the  time a t  non-zero  angles 
of   a t tack .   Therefore ,   on ly   the  component of o s c i l l a t o r y   d r a g  which 
h a s   t h e  same frequency as t h e   o s c i l l a t o r y   l i f t  i s  c o n s i d e r e d   i n   t h e  
present   ana lys i s .  

An estimate of   the   magni tudes   o f   the   osc i l la tory   vor tex  street 
l i f t  and  drag  forces may be  obtained on t h e  basis o f   t h e o r e t i c a l  
and  experimental  data. A dimensional  analysis  such as Yudinrs 
(ref. 13)  l e a d s   t o   a n   e x p r e s s i o n   f o r   t h e   o s c i l l a t o r y  lift and drag 
f o r c e s   i n  terms of  important  flow  parameters,  body  dimensions,  and 
an unknown mult iplying  constant .  The express ion   for   the   magni tude  
o f   t h e   o s c i l l a t o r y  l i f t  f o r c e   i n  terms of the c i r c u l a t i o n   s t r e n g t h s  
o f   t h e   v o r t i c e s   i n   t h e   v o r t e x  street i s  

LV 
= cons tan t  p (r/R) 2h, (6) 

where Lv = magnitude  of  the l i f t  f o r c e   p e r   u n i t   l e n g t h ,  
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r = c i r c u l a t i o n   s t r e n g t h  of an ind iv idua l   vo . r t ex   i n   t he   vo r t ex  
street, 

L = l ength   be tween  vor t ices   in  a row o f   t he   vo r t ex  street ,  

ho = a c h a r a c t e r i s t i c  dimension of t h e  body,  and 

= p r 2  + p r  (u - 2u)h 
2lTL e 

This may be   equa ted   t o   t he  form drag   expressed   in  terms of a coe f f i -  
c i e n t  of form d rag   fo r   t he   vo r t ex  s t reet ,  CDV, as 

D = C D v ( l / 2 p U 2 c ) .  ( 8 )  

The c i r c u l a t i o n  may be  removed from t h e   l i f t   f o r c e   e x p r e s s i o n  by 
s o l v i n g   f o r  r from the   vo r t ex  street  drag  expressions,   eqs .  ( 7 )  and 
( 8 ) ,  o r  by using von Karman's s t a b i l i t y   c o n d i t i o n   t h a t  h/L =0.2806,  

f o r  which r = J8Lu. The o s c i l l a t o r y   l i f t   f o r c e   m a g n i t u d e  may t h e n  
be   expressed   in   the  form 

Lv = cons tan t  p ho 

Yudin  assumed t h a t   t h e   t o t a l   d r a g  i s  due t o  t h e  vor tex  street ,  and 
t h a t   h o  i s  e q u a l   t o  t h e  pro jec ted  body dimension,  d. E q .  ( 7 )  , com- 
bined  with von Kannan's s t a b i l i t y   c r i t e r i o n   g i v e s  a t h e o r e t i c a l  
express ion   for   the   vor tex  s t reet  drag i n  t h e  form 

D = phU2b.83( t ]  - 1 , 1 2 [ i ] 2 ]  

where D = steady  drag  force  per   uni t   span.  

It  i s  assumed t h a t   t h e   v o r t e x  street  form drag is  e q u a l   t o   t h e  
steady  incompressible  drag, For t h i s  assumption, by equat ing 
Y u d i n ' s   e x p r e s s i o n   f o r   t h e   d r a g   t o   t h a t   o f  eq. ( 8 ) ,  the   fo l lowing  
relat ionship  can  be  obtained:  

1.12 (4 2- 2. 83(;] + 4 - 1  CDV c = . 
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NOW it is  assumed t h a t   b o t h  (u/U) and CDV/2 ;c/h) are small ,  so 
so lv ing  the above  equat ion  for  u/U gives  an  approximate  expression 
of 

U = 0.176 CDv[E] . 

From the   expres s ion   fo r   t he   magn i tude   o f   t he   o sc i l l a to ry   vo r t ex  
street  l i f t   f o r c e  as g iven   in   eq ,  ( 6 )  and using  ho = h and 
r = ~ L u ,  Lv may be   wr i t t en  

Lv = cons tan t   p (8u2)h  . 
For   the  (u/U) as given  above i n  terms of CDV and ( h / c ) ,   t h e   l i f t  
force  magnitude becomes 

L~ = constant  p u 2  C D ~  II (‘I1 
I n  terms of a cons t an t   o f   p ropor t iona l i t y ,  kL, and a l i f t   c o e f f i -  
c i e n t   f o r   t h e   v o r t e x  s t ree t ,  CLv, 

Lv = cLv ( 1 / 2 P U 2 C )  

where I .  

cLv = 2kL(CDvy[:J 

Similar ly ,   the   drag  force  magni tude may be  defined  as 

where CDv = 2kD(CDV) , and  where kD is a constant  of  propor- 
t i o n a l i t y .  The functional  dependence of kL and kd on CDV and  h/c, 
and  an estimate of  the  magnitude  of kL may be  obtained from  theo- 
retical expressions  due t o  Lamb ( r e f .  26)  and  Blokhintsev  (ref.  21)  . 
It i s  found t h a t   f o r   c i r c u l a r   c y l i n d e r s   w i t h   v o r t e x   s h e d d i n g   t h a t  

(91 

kL = KL (h/c) /CDV . 
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It can be  determined  that  KL 0.09, as an estimate of  magnitude. 

F o r   t h i s  form f o r  kL, and  assuming t h e  same form for   kD,   the   vor -  
t e x  street l i f t  and   drag   force   magni tudes   for   a i r fo i l s  are assumed 
t o  be 

L = KL p U 2 c  A r  CDV ( 1 0 )  

and 

D = KD p U 2 c  A r  CDV (11) 

where KL and KD a re   vo r t ex  street  c o n s t a n t s   f o r   l i f t  and drag  and 
are t o  be  determined. 

L i g h t h i l l   ( r e f .  2 9 )  po in t s   ou t   t ha t   sound   i n t ens i ty  i s  not  
a lways   p ropor t iona l   to  (Ar) as  was assumed by Lamb and  Blokhintsev, 
b u t   t h a t  it i s  p r o p o r t i o n a l   t o  ( A r )  (LC)  , where LC var ies   wi th  
Reynolds  number,  and is c a l l e d  a cor re la t ion   l ength .  T h i s  l ength  
i s  t h a t   w i t h i n  which l i f t   f l u c t u a t i o n s   a r e  w e l l  co r r e l a t ed .  The 
cor re la t ion   l ength   genera l ly   decreases   wi th   increas ing   Reynolds  
number from A r  to   the   o rder   o f   magni tude   o f   the   p ro jec ted  body 
dimension, d. The e f f ec t   o f   u s ing  ( A r )  (ec) ins tead   of  A r 2  on 
eqs.  ( 1 0 )  and (11) i s  t h a t  A r  would  be  replaced by ( A r  LC)  1/ 2 . 
I t  was assumed t h a t  LC = A r  f o r   a l l   t h e   r e s u l t s   r e p o r t e d   h e r e i n .  
Cance l la t ion   o f   no ise   be tween  var ious   rad ia l   and   az imutha l   s ta t ions  
i s  allowed. 

I t  i s  noted,  however, t h a t   t h e  work of   E tk in ,  e t  a l . ,   ( r e f .  27 )  
i n d i c a t e s   t h a t  KL = 0 . 0 9  as  determined by the   p reced ing   t heo re t i ca l  
approach   fo r   c i r cu la r   cy l inde r s  is  approximately  one-fifth  the mag- 
n i tude   o f   tha t   found by experimental  methods. They a l s o   i n d i c a t e  
t h a t   b a s e d  on experimental   resul ts   the   order   of   magni tude  of   the 
o s c i l l a t o r y   d r a g   f o r c e  i s  a b o u t   o n e - t e n t h   t h e   o s c i l l a t o r y   l i f t  
force  magnitude,  and  occurred a t  twice t h e   l i f t   f o r c e   f r e q u e n c y .  
Work repor ted  by Foughner  and Duncan ( r e f .  2 8 )  i n d i c a t e d   t h a t   f o r  
l a rge   c i r cu la r   cy l ind r i ca l   bod ie s   t he   magn i tude   o f   t he   o sc i l l a to ry  
drag was about one h a l f   o f   t h e   o s c i l l a t o r y  l i s t  force  magnitude. 
Based on t h e  above noted  experimental  work, KL = 0 . 1  t o  1 . 0  and 

KD = 0 . 0 5  t o  0.5 might  be  expected. 

N o  measurements  of  the  magnitude  of  the  vortex street l i f t  and 
drag   forces   a re  known t o   e x i s t   f o r   a i r f o i l s .  The method by which 
est imated  values  of KL,  KD f o r   a i r f o i l s  were de termined   for   use  i n  
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pred ic t ing  the .vor tex   . ' s t rae t . . and   ro ta t i .ona l  .noise.,.characteristics . 
of  he;l-icop.ters. i s  o u t l i n e d  below. ' 

It was , a a s e d  that the d i f f e rence  
measured  and, the t h e d r e t i c a l l y   . ' p r e d i c t e d .   n o i s e  
..assumed values  -.of -KL and KD is  (due 'to incorrect magnitude . o f .  t h e  
assumed, vo r t ex  street coqstants.   While  , the  experimentally  .measured 
sound  pres's.ure 'is a continuous  spectrum,.  it : w a s  .-assumed. t h a t  the,. , 

prope r   . va lues   fo r   t he  vortex .streek. 'constants are those values-,:.which. 
make the theoretical: no i se  .'levels' approximate .   the   l eve l  of t h e  off- 
harmonic:  noise  levels above the  fourth  harmonic.  . Singe-   there  are 
more p o i n t s  fo r  wh,ich agreement   should   ex is t - than   there .  are con- 
stants,. the   cons t an t s  are determined,  by a least s q u a r e s   f i t  
approach. 

The p o s s i b i l i t y   t h a t  KL .and KD, as determined  by the least 
squares  €it method. a r e '  underestimated e x i s t s   b e c a u s e   t h e .  sum of t h e  
sepa ra t e  rms pressures  i s  g r e a t e r   t h a n  or  equal  t o  t h e  m s  pressure  
of the sum. That i s ,  it cannot be assumed tha t  the l i f t ,  and  drag 
pressures  are always  reinforcing..  I t  is also apparent t h a t  the' vor- 
t e x  street no i se   and   t he   ro t a t iona l   no i se  are no t   necessa r i ly   r e in -  
fo rc ing .   In   o rde r  t o  minimize the cance l l a t ion  effects of   these  
two sources ,  the  vor tex  street noise   cons tan ts  were determined on 
t h e   b a s i s  of a l e a s t   s q u a r e s  f i t  on the  4-. through 20- narmonics 
fo r  t h e  HU-1X he l i cop te r   i n   hove r .  The magnitude of t h e  r o t a t i o n a l  
no i se  i s  small i n  most of these harmonics, so t h a t  cance l l a t ion  
effects between t h e  vor tex   and   ro ta t iona l   no ise   should  be neg l ig ib l e .  
The use  of the tu rb ine  powered HU-1A h e l i c o p t e r  also minimized the  
c a n c e l l a t i o n  effects of eng ine   no i se   i n  the determination  of t h e  
vor tex  street cons tan ts .  T a i l  r o t o r  i s  still present ,   of   course,  
a s  are o ther   no ise   sources   such  as t u r b u l e n t  stresses, thickness  
effects, and gear  boxes. I t  i s  i n t e r e s t i n g  t o  n o t e   t h a t  when the 
vor tex  street  cons tan ts  were determined for  the H-34 h e l i c o p t e r ,  
f o r  which l a r g e  amounts of engine   no ise   were"present   in  t h e  fre- 
quency  spectrum  of  interest ,   approximately t h e  same v a l u e s   f o r  the 
cons tan ts  were obtained. 

t h  t h  

A s  a r e s u l t  of t h i s  method as ou t l ined ,  the  vor tex  street l i f t  
and  drag force magnitude9  and  frequencies  are '   determined a t  each 
p o i n t   i n  the. s@or ,dier'c. Most of the r equ i r ed   quan t i t i e s ,   such  as 
r e s u l t a n t  v&&.ty, angle  of attack, and incompressible  drag coeffi- 
c i e n t s  weW:'plkeady p r e s e n t   i n  the computer  program  as  they were 
used  in  cosapS#ting..q@ational  noise. Now the means of es t imat ing-  
the vor tex   s t ree t 'dorce   magni tude  and  frequency  have  been estab- 
l i shed ,   and  the o s c i l l a t o r y  l i f t  and drag may be expressed as func- 
t i o n s  of t i m e  and rotor disc  loca t ion  as 
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where 

= 2 KL CDVa, sin, , 
lj 

and 

D" (t) = CDV p / 2 p  (Ui j.) j c A r i  
i j  i V i j  

where 

C = 2  
DVi j 

The ' i j  
i s  the  phase  of 

KD C D ~  s i n  o i j t  + q i j  
ij [ 

(131 

the   vo r t ex  street  l i i 4  a t  the beginning  of  

the j- azimuthal  segment  at  the i- r a d i a l   s t a t i o n ,  and is 
determined by t h e   r e l a t i o n s h i p  

t h   t h  
ij 

2lrs ui. 
w =  i j  hij 

Representation  of Forces and Determination  of  Pressures 

The forces  on the f l u i d  are those  which cause the r o t o r   t o  
experience,  as r e a c t i o n s ,   l i f t  and  drag. An area element  of the 
swept  surface may be  thought of as   having  such  forces  on it as 
arise from c a l c u l a t i n g  a' fo rce   pe r   un i t  of pro jec ted   b lade   a rea  
and  then  multiplying'  by the d i f f e ren t i a l   o f   swep t   a r ea .  Regard- 
less of   whether   these   forces   a r i se .because  of v i s c o u s   e f f e c t s   o r  
dynamic p res su re   e f f ec t s   t hey  are replaced by an   equiva len t   d ipole  
sou rce r '   Rad ia t ion  from a d i p o l e   h a s   d i r e c t i o n a l i t y  a.nd t h e  or ien-  
t a t i o n  of t h e   f o r c e   v e c t o r   a t  a source  point   determines t h e  or ien-  
t a t i o n  of the  dipole   source,   and  thus i t s  d i r e c t i o n a l  sound 
pres su re   r ad ia t ion   pa t t e rn .  

As each  rotor   blade  passes   through  an  e lement   of   the   swept  
sur face ,   p ressure   pu lses   a re   c rea ted  and may be  expressed as a 
force p e r   u n i t  area. The dura t ion  of these pulses  i s  'cij, and it 
is assumed t h a t   t h e y   r e c u r   a f t e r  a per iod ,  T ,  as shown i n   f i g u r e  
5. 
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The assumption that the r o t a t i o n a l   n o i s e  is .per iodic  i s  a rea- 
sonable.  assumption.;  however, . , the.  vo r t ex  street noise  i s  not   neces-  
s a r i l y   p e r i o d i c .  The method that  i s  beLng extended.. (ref, 9)  tc  
inc lude   'vor tex   no ise  assumes p e r i o d i c i t y ,  .so t o  include  vortex 
n o i s e   e f f a c t s . . w i t h  :this analysis   technique.  'the 'vortex forces must 
a l so   be   pe r iod ic ;   . r ega rd le s s .   o f  their frequency. .   In  order that 
the vor tex  street. n o i s e  .be periodic,   . . i ts . : .magnitude,  frequency, and 
phase  must,   be  periadic,  . The  magnitude. and. frequency  of t h e  vortex 
street no.ise are assumed t o  be ' ,   funct ions  of  Eree stream speed, 
dens i ty ,  and  incompres 's ible   drag  coeff ic ient ,  . which 'are cons tan t  
a t  a p a r t i c u l a r   r a d i a l  and azimuthal   point .   Therefore ,  the magni- 
tude  and  frequency  of the vor tex  street is the same fo r  every 
blade a t  a .g iven   rad ia l   and   az imutha l   s ta t ion ,  so these q u a n t i t i e s  
a r e   p e r i o d i c  w i t h  t he  blade passage  frequency. The phase  of the 
vor tex  street i s  n o t   n e c e s s a r i l y   p e r i o d i c   i n  the  r e a l   p h y s i c a l  
s i t u a t i o n .  That i s  i n   g e n e r a l ,  

1 d$ # ( 2 ~ )  x ( i n t e g e r ) .  
2 r  

0 

I n  t h e  numerical   in tegrat ion  techniqut   used  herein t h e  vor tex  
street phase may be d i s c o n t i n u o u s   a t   v a r i o u s   p o i n t s   i n  t h e  r o t o r  
p lane ,   Discont inui t ies  may o c c u r   a t  t he  " s t a r t i n g   p o i n t , "   s a y  

$ = 0 ,  of the  rotor blade s i n c e  1 ( w  A $ . / n )  i s  no t   necessa r i ly  
N 

j=1 j~ 

e q u a l   t o  2 r  times an i n t e g e r ,  and fo r   such  a case t h e  phase is 
assumed t o  be disconcinuous a t  $ = 0. 

T h i s  assumption i s  necessary i n  o r d e r   t h a t  the vor tex  street 
be  per iodic .  O the r  d i scon t inu i t i e s   i n   phase   occu r   a s  a r e s u l t  of 
assumed cons tan t   phys ica l   f low  proper t ies   over  each azimuthal 
s ec t ion .  The amplitude a t  the in te rsec t ion   of   ne ighbor ing   az i -  
mutha l   s ta t ions  is made continuous i f  poss ib l e ,  and  where m a x i m u m  
amplitude  and  frequency are d i f f e r e n t   i n  these ne ighbor ing-   sec t ions  
the  phase w i l l  gene ra l ly .have  a small d i scon t inu i ty .  It is  poss i - -  

of t h e  j + 1- s e c t i o n ,  and the phase may be near  f-90°. The maxi- 

mum amplitude of the  j + 1s sec t ion -  may be smaller than  that  of 

the j- sec t ion ,  which does  not  permit a continuous  amplitude. I-n 

this case, the amplitude of t he  j + 1s s e c t i o n  is assumed to. be at 

s t  

t h  
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its .pe.&, v a l u e   a t - t h e   i n t e r f . a c e ,  which  'minimizes t h e   d i s c o n t i n u i t y  
i n   a m p l i t u d e   a n d :   r e s u l t s   i n  a small. dFscont inui ty   in   phase .  

I f  the blade  'chord  length .is ci . ,and the 'blade  geometric  angle 
. i s  e i j  , then   the   p ro jec t ion   of  the cho.rd  length  on  the  swept sur- 

face  i s  ci cos e i j  and T = . To avoid  the  complica- 
c c.0s. 0 i' ij 

i j  r: Q 
tions whick. otherwise.  arise, it w i l l  be assumed t h a t  

A 

C! 
c cos e i j  = ci cos €li 3 c i  and T~~ T - 

- 1  
i i - r ia  ' - 

where O i  i s  t h e  mean p i t c h   a n g l e   a t  a given  radius .   Since 

q ( r i  - e) 

j j R - e  
e i j  = e o  + e l  COS $ + e 2  s i n  JI - 

where q is t h e  t w i s t  b u i l t   i n t c ;  the blade, approximating e i j  by 

ei i s  tantamount t o  neglec t ing  the c y c l i c   p i t c h   a n g l e s  81 an? 
8 2 .  This  approximation i s  only made i n  t he   ca l cu la t ion   o f  T ~ .  

The shape  of the pulses   over   the t i m e  T ~ ,  depends  on the  dis-  
t r ibu t ion   of   force   over   the   chord .  I t  can  be  assumed w i t h  l i t t l e  
e r r o r   t h a t   o n l y  t h e  magnitude  of t h e  pressure   pu lses   as  shown i n  
f i g u r e s  6 ( a ) ,  (b) , and (c) which a r e  assumed t o  r ep resen t  the 
s t eady   l i f t ,   i ncompress ib l e   d rag ,  and wave d rag ,   r e spec t ive ly ,  
vary  with  azimuth, and that  their shapes are cons t an t .   S imi l a r ly ,  
the magn i tude .o f   t he   o sc i l l a to ry   vo r t ex  street forces vary w i t h  
azimuth,  as do the  f requency  and  phase,   but  the shapes  as  shown 
i n   f i g u r e .  6 (d) are assumed t o  be similar around  the  azimuth.  In 
re ference  5 ,  . . the   -e f fec t  of 'chordwipe  force  dis t r ibut ion i s  .dis-  
cussed a t  some length  as having   an   apprec iab le   e f fec t  on t h e  
higher  harmonics  of rotor noise .  . Since rotor "bang" o r  ' 'slap" 
no i se  as r epor t ed   i n   r e f e rences  7 and 30 is a r e l a t i v e l y   h i g h  
frequency phenomenon and i s  such  an  important .aspect   of  rotor 

. no i se ,   t he   cho rdwise   d i s t r ibu t ion   d i f f e rences .  have been  purposely 
re ta ined .  in, this r e p o r t   i n   t h e   a n a l y s i s   o f  t h i s  phenomena a s  was 
done i n  re ference  9 fo r   t he   . ro t a t iona l   no i se   on ly .  The o s c i l l a t o r y  
vb r t ex  street fo rces  are high  frequency  sources,   and  are assumed 
to act: uniformly  over  the  chord. For a constant   magni tude  of   the 
pressure  pulses   due t o  t h e   s t e a d y   - 1 i f t ' a n d   d r a g  forces, t h e i r  
shapes can. be expressed as a real Fourier series: 

22 



W 

Note t h a t  
e i t h e r   o f  

f i  = a + 1 (am cos mBQt + bm s i n  m B Q t )  
O i  m=l  i i 

the  shape  funct ion,  f i ,  can be  thought of 

. 

a s  a func t ion  
the  coordinate  which  measures  the  chord  length  projec- 

t i o n  on  the  swept  surface,  ci, or of t h e  t i m e ,  t. This   funct ion 
is thought  of as beginning a t  t = 0 ,  which  coincides  with $ = 0.  
For   convenience,   the   coeff ic ients  a,, and bm are normalized 

so t h a t   f i  = 1 .0 .  To a c c o u n t   f o r   t h e   v a r i a t i o n   i n  the magnitude 

of t h e   l i f t  and drag  around  the  azimuth,  normalization  factors fo r  
these   Four i e r   coe f f i c i en t s  must  be es tab l i shed .   S ince  t h e  shape 
represented by the   no rma l i zed   coe f f i c i en t s   has   been   spec i f i ed   t o  
have a maximum ord ina te   equa l   t o   un i ty ,   t he   ae rodynamic   l i f t   a c t -  
ing on a span length Ari is  

am i i i 

max 

L i j  ( t) cL i j  
P (Ui  j )  2 ci A r i  

- 
IC i j  dc A r i  

where = n o r m a l i z a t i o n   f a c t o r   f o r   l i f t ,  i j  

U i j  = r e s u l t a n t   r e l a t i v e  wind v e l o c i t y  normal t o   b l a d e  
leading  edge,  

p = a i r  mass dens i ty ,  and 

cL = l i f t   c o e f f i c i e n t .  
i j  

S imi l a r ly ,   fo r   i ncompress ib l e   p ro f i l e   d rag  
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and for  compressible (w.ave) drag  

Since  sound i s  an o s c i l l a t o r y  phenomenon, t h e   s t e a d y  term i n   t h e  
Four ie r  series may be  dropped. The Four ie r  series may t h e r e f o r e  
b e   w r i t t e n   i n   t h e  form 

- m 

f i  = 1 (cm cos mB0t + YLm s i n  m B 0 t )  . 
m= 1 i i 

Since two l i f t   f o r c e s  (due t o  steady  and  vortex street l i f t ’  are 
combined, a s  w e l l  a s   t he   t h ree   d rag   fo rces   (due  t o  s teady  incom- 
p r e s s i b l e  and  compressible and vor tex  street d r a g ) ,  it i s  con- 
venien t  t o  l e a v e   t h e   f o r c e s   i n   t h e  above  form u n t i l   t h e   r e q u i r e d  
add i t ions  are performed.   Therefore ,   the   normalized  coeff ic ients  
Cmi and \yLm a r e   a s s o c i a t e d   w i t h   t h e   b l a d e   l i f t ,  by the   equa t ion  

d i rec t ly   above ,   then  two more sets of similar r e l a t ionsh ips   a s so -  
c i a t e d   w i t h  (1) incompressible  drag,  in  which dm and rm are t h e  

Four ie r  c o e f f i c i e n t s ,  and ( 2 )  compress ib i l i t y   d rag ,   i n  which em 
i 

and KDm , are t h e   F o u r i e r   c o e f f i c i e n t s ,  may also be e s t a b l i s h e d .  

Analy t ica l   express ions   for   such   Four ie r   cons tan ts  are derived  by 
the   u sua l  means (see, f o r  example, r e f .  31)  , f o r   t h e   t h r e e  chord- 
wise shapes shown i n   f i g u r e s  6 ( a )  through 6 (c )  . The s e l e c t i o n   o f  
these   shapes  as approximat ions   for   l i f t ,   incompress ib le   d rag   and  
wave drag was based  on a perusal  of  two-dimensional  section data 
below s t a l l ,  and  computational  convenience. 

i 

i i 

i 

The corresponding  formulae are  as fol lows:  

cm - - - 
Tma [ d ( l  - cos T )  + g ( 1  - cos aT)]  

i a 

1 [T - ( d   s i n  T + - s i n  a T ) ]  
a. 

Tmr a YLm - - - 
i 
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sin T 
dm - i m r  

- 

rm - - m r  (1 - cos T )  - 
i 

e =  m c! B m " r ( 1 - f )  (f-g) [(l - 4) COS f T  - (1 - f )  COS gT 
i 1 

- ( f  - 9) COS T I  

- ( f  - g) s i n  T I  

(These   equa t ions   d i f f e r  from equat ions ( 3 )  of   r e f e rence  9 f o r  t w o  
reasons.   Equations ( 3 )  of   re fe rence  9 are i n   p o l a r  form, f o r  t h e  
r e spec t ive   fo rces ,  and  equations (14) are not .  Also, the  magnitude 
terms of   equa t ions  ( 3 )  of   re fe rence  9 were i n c a r r e c t   i n   t h a t   t h e  
left-hand  sides  should  not  have  been  divided by. t h e  force i n t e g r a l  
term). I n  a similar manner, t h e   o s c i l l a t o r y   l i f t  due t o   t h e   v o r t e x  
street  actitlg on a span  of   length A r i  i s  

and t h e   o s c i l l a t o r y   d r a g  due t o   t h e   v o r t e x  street  i s  

where CLv and C are vo r t ex  street l i f t  and   drag   coef f ic ien ts  
i j  DVi j 

and are func t ions   o f  t i m e .  For   vor tex  lift and  drag of peak mag- 
n i t u d e  1 . 0 ,  
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." 

Therefore ,   the .   coef f ic ien ts  CVm and "Vm a re   a s soc ia t ed   w i th   t he  
i j  i j  

vortex street l i f t ,  by the   equat ion   d i rec t ly   above .  One more set 
o f   quan t i t i e s   a s soc ia t ed   w i th   vo r t ex  street  drag,  say dVm and 

i j  

KVm may be def ined by t h i s  same equat ion,  since t h e   l i f t  and 
i j  

drag  have  been assumed t o  have  the same phase  and  frequency. The 
se l ec t ion   o f   t he   shape   a s  shown i n   f i g u r e s  6 ( d )  as  approximations 
f o r   t h e   o s c i l l a t o r y   v o r t e x  street l i f t  and drag is  based on t h e  
a s s u m p t i o n   t h a t   t h e   v o r t e x   l i f t  and drag  are   uniform  over   the 
chord  and  osci l la te   with  f requency w,  determined from t h e  S t rouhal  
number d e f i n i t i o n .  The corresponding  formulae  are  as  follows: 

- BQ cos cp 1- cos (w-mBQ) T + 1- cos (w+mBQ)L 
"m - 1 [ w-mBS2 w+mBQ 1 

+ s i n  cp s i n  (w-mBn) T s i n  (w+mBn) + w-mBn w+mBQ 

+ s i n  cp 1- cos (w+mBn) T 1- cos (w-mBn) T [ w+mB 
- 

w - m B Q  

where T i s  unders tood   to  be subscr ip ted  by i, and CVm, yVm, 9, and 
w a re   unde r s tood   t o  be subscr ip ted  by i j .  For the spec ia l   ca se  
where w = mE3Q 

9 sin2wT + s i n  cp 
sin 

2 

r 1 

The c o e f f i c i e n t s   f o r   t h e   v o r t e x  street  draq,  dVm and KVm are 
i j  i j  

26 



equaJ. t o  CVm and YVm , r e spec t ive ly ,   s ince   - t he .   vo r t ex  street 
i j   i j  

lift and  drag forces have t h e  same phase  and  frequency. The 
difference  in   magni tude  'between  the  vortex street l i f t  and  drag 
forces is  due t o   t h e   d i f f e r e n c e   i n   m a g n i t u d e  of the   vo r t ex  street 
lift cons tan t  CSVLij, and the vor tex  street drag  constant  CVDij. 

Note t h a t   t h e  l i f t ,  incompressible  drag, wave drag,   and  the  vortex 
street lift and   . d rag   coe f f i c i en t s   a r e   a l l   f unc t ions   o f  (1) l o c a l  
r e l a t i v e   v e l o c i t y  Mach number, % , and ( 2 )  local aerodyramic 

i j  

angle   o f   a t tack ,  a i j .  

I t  i s  convenient t o  express   the  combinat ion  of   the  rotat ional  
and  vortex street  fo rces  i n  p o l a r  form. L e t  

'm + CSVL cvmj2 
dc '  L[ chord 

1 

+ cL 

i 

yLm 

J 3 dc'  

chord 

ym = a rc t an  

+ CSVL yvm:11'2 
J 
chord 
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d e 
+ c  

' 2  
m - + CvD dVm 

cDc I 'T dcI 
Dw I dcI 

chmd  chord > 

bhord 
J 
chord 11 

K = a rc t an  m 

1 f dc '  
f dc '  

chord chord 

chord 
J 

chord 
J J 

where cmf YCmf dm' rm,  e KDml f ,  f ,  f ,  and dc '   a re   unders tood   to  
be  subscr ipted by i f  and  amf Y m f  CLf CSVL,  CVml YVmf c f c f 

CVD dVmf and KVml bm K, are   unders tQod  to   be   subscr ip ted  by i j .  

- 
m f  

DC DW 

The m- component  of l i f t   a s s o c i a t e d   w i t h  a given  pressure 
pulse  (assumed t o   s t a r t   a t  time t = 0 ) ,  may  now be   expres sed   i n   t he  
f o m  

t h  
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e 7 = e  
-imBQ($ ./Q) -imB$ 

j 

where 

= increment  in  azimuth  angle from  one s t a t i o n  on t h e  
'j swept a r e a   t o   a n o t h e r ,  

j = 1, 2 ,  3.,.n 

n = t o t a l  number of  azimuthal sec t ions  i n t o  which t h e  
swept  area i s  divided,  

m = harmonic  number,  and 

B = number of  blades,  

From these d e f i n i t i o n s  it fo l lows   tha t  t h e  m- harmonic com- t h  

ponent of t h e  forces   experienced by t h e   f l u i d  due t o   b l a d e   l i f t  and 
drag may be  expressed  as   the  fol lowing:  

k m  i j  e 1 i m B n t  

L 

and 

e i (mBQt-Km - m B $ g  
i j  i j  (17) 

In   o rde r   t ha t   t hese   s inuso ida l ly   va ry ing   fo rces  be evaluated 
o r   e x p r e s s e d   i n  terms of components a long   the   Car tes ian   coord ina te  
axes,  it is  necessa ry   t o   accoun t   fo r  the d i r e c t i o n  and magnitude 
o f   t h e   r e s u l t a n t   v e l o c i t i e s  U i j  ( s i n c e   l i f t  and drag   forces  are 
de f ined   a s   pe rpend icu la r   and   pa ra l l e l   t o  them, r e s p e c t i v e l y ) .  
Equations ( 4 )  give   the   requi red   t ransformat ion .  With t h e   F o u r i e r  
coef f ic ien ts   o f   the   Car tes ian   coord ina te  components  of t he   b l ade  
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forces known, the.  harmonics of t h e   p r e s s u r e  a t  a given f i e l d  p o i n t  
may be  computed  from  equation ( 2 ) .  Now t o  u s e  equat ion  ( 2 )  t o  cal- 

culate m- harmonic of sound  pressure a t  a f i e l d   p o i n t   ( x o ,   y o ,  z o )  

due t o  t h e  m- harmonic o s c i l l a t o r y   p r e s s u r e  a t  a source   po in t  
i d e n t i f i e d  by t h e   ' i n d i c e s  i, j ,  n o t e   t h a t  

ch 
't h. 

- (. sij  j ]  
a -ikmui = - -ikmui.  [ikm + e] 2 ( z 0 - z )  
a ZO 1 3  1 3  

Then s u b s t i t u t i o n   o f  Lm and Dm from equat ion  ( 1 7 )  f o l   l i f t  and 
i j   i j  

d rag ,   respec t ive ly ,   in   equa t ion  ( 4 1 ,  and s u b s t i t u t i o n   o f   t h e   r e s u l t -  
i ng  force components  and t h e   r e l a t i o n s h i p s   d e f i n e d   i n   e q u a t i o n  (18) 
i n t o   e q u a t i o n  ( 2 )  yie lds   the   des i red   express ions   for   the   Gressure  
a t  t h e   f i e l d   p o i n t .  The r e su l t i ng   equa t ions   can  be broken  into 
r e a l  and imaginary   par t s   and ,   a f te r   a lgebra ic   manipula t ion ,  cast  
i n   t h e   f o l l o w i n g  form: 

- 
COS +i, - J i j  s i n  $Iij] 

i j  
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I" 

- - B i j P m  cos t i j  - Cm - 
i j   i j  

+ - 
(iij cos $ i j  - J~~ s i n  4 

i j  i j  

where 

- [(xo - x cos a + y 2 ( z o  - z i j )  s i n  a s i n  i j  S S 1 j 

+ ( z o  - z ) ( B .  cos 4~ s i n  CL + cos as) 
i j  I j S I 

Em km'm 

i j ' i j  Y 

- 

Dm 
- - - -  i j  + z i j  

- 
E - 
mij - am i j  s i n  (kmaij  + Ym i j  + I w j )  
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- 
Fm = a  cos (kmcri m + 'm + W j )  i j  i j  i j  

- 
Gm i j  ij m + l W j )  = bm s i n  (kmuij + K 

i j  

Hm i j  - bmij cos (kmui + Km i j  + W j )  
- - 

- 
Fm m m 

ij Y 2  

k E  - 
Km 

- - i j  + i j  

Kij = 1 / 2 p C i  ( U i j )  2ri A $  A r i  

and a I and bm I Ym I and K m  are d e f i n e d   i n   e q u a t i o n s  ( 1 6 ) .  
mi j ij i j  i j  
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The in t eg ra t ion   p roceeds  by independently summing a l l   t h e  
real and  imaginary  parts of t h e   o s c i l l a t o r y , p r e s s u r e  of harmonic 
m, cont r ibu ted  t o  by a l l   the   combina t ions   o f  i and j .  I f  Pm 

and P are i n   p s i ,   t h e n   t h e  sound  pressure level, SPL, i n  dec ibe ls  

( r e f e r r e d   t o  0.0002 dynes/cm ) is 

R 

mI 

The pressure   as  a function  of t i m e  a t  
may be  expressed i n  t h e  form 

a p a r t i c u l a r   f i e l d   p o i n t  

co 

P ( t )  = ao/2  + 1 (am  cos mBQt + bm s i n  mat).  
m= 1 

I n   p r a c t i c e ,  a l imi t ed  number of  harmonics  are used,  and a0 i s  unim- 
p o r t a n t  since it con t r ibu te s  no t i m e  v a r i a t i o n  t o  P ( t ) .  Thus, t h e  
pressure   as  a function  of time can  be computed from the   express ion  

K H I  
P ( t )  = 1 (am  cos m B n t  + bm s i n  m B n t )  

m= 1 

where K H I  i s  t h e  maximum number of harmonics  used,  and  where 

and 
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RESULTS AND DISCUSSION 

This   sec t ion  of t h e   r e p o r t  w i l l  f i rst  p resen t  and d i scuss  
r e s u l t s   o b t a i n e d  to  show t h e   e f f e c t s   t h a t  a f a r   f i e l d  approxima- 
t i on   has  on   t he '   p red ic t ed   no i se   cha rac t e r i s t i c s   o f  a t h r u s t i n g  
r o t o r   i n   a x i a l   f l i g h t .   T h i s  w i l l  be  followed by an  evaluat ion  of  
the   per t inent   charac te r i s t ics   o f   the   exper imenta l   measurements   wi th  
which t h e   p r e d i c t e d   n o i s e  ' w i l l  be  compared. The manner i n  which 
the   cont ro l l ing   shed   vor tex   parameters  were determined w i l l  t hen  be 
presented. A comparison.of  measured  and  predi,cted SPL's f o r  two 
d i f f e r e n t   h e l i c o p t e r s   i n   h o v e r   f l i g h t  w i l l  be made,  and p red ic t ed  
SPL's fo r   va r ious   f l i gh t   cond i t ions   fo r   one   o f  t h e  h e l i c o p t e r s  w i l l  
be  presented .and d iscussed .   F ina l ly ,   p red ic ted  and  measured  pres- 
su re  t i m e  h i s t o r i e s  w i l l  be  presented. 

Effects  of  Far  Field  Approximation 

Par t   o f  the  work r epor t ed   i n   r e f e rence  9 w a s  a comparison  of 
the  sound  pressure  level   predicted  with  and  without   using a f a r  
f ie ld   approximation.  The resu l t s   ob ta ined   gs ing  a f a r   f i e l d  
approximation were based on a c losed form solut ion  developed by 
Garrick and  Watkins ( r e f .  5 ) .  The r e su l t s   ob ta ined   w i thou t  t h i s  
approximation were based on the  numerical   in tegrat ion  technique 
presented i n  reference 9. T h i s  comparison was done f o r  t h e  f i r s t  
harmonic  only. As an a d d i t i o n a l  check on t h e  effect  of the f a r  
f ie ld   approximat ion  on t h e  p red ic t ed   no i se ,  a s i m i l a r  check was 
made f o r  a higher  harmonic of the ro t a t iona l   no i se .  The r e s u l t s  
o f   t h i s   i n v e s t i g a t i o n   a r e  shown i n  f i g u r e  7. It i s  apparent from 
t h e  form  of t he   expres s ion   fo r   t he  SPL and  from the r e s u l t s  shown 
i n   f i g u r e  7 t h a t   f o r   a l l  harmonics (1) t h e  numer ica l   in tegra t ion  
dup l i ca t e s  the closed form s o l u t i o n  where the   c losed  form s o l u t i o n  
i s  c o r r e c t ,  and ( 2 )  use  of the f a r   f i e ld   app rox ima t ion   y i e lds   t he  
sha rp   r educ t ion   i n  sound l e v e l   p r e d i c t e d   i n  t h e  range  of  one to 
two diameters  ahead  of the p rope l l e r .  

Agreement  between the   numer i ca l   i n t eg ra t ion   r e su l t s  and t h e  
closed form s o l u t i o n   r e s u l t s   f o r   v a l u e s   o f  Xo/D f o r  which t h e  
c losed form s o l u t i o n  i s  v a l i d  i s  an ind ica t ion   o f  t h e  accuracy  of 
t h e   i n t e g r a t i o n  method  and  computer  program  of t he   p re sen t   ana lys i s .  
Important   features   of  the  computer  program  which a f f e c t   t h e  numeri- 
ca l   accuracy   of   the  results a r e   d i s c u s s e d   i n  reference 9 and a r e  
inco rpora t ed   i n   t he   p re sen t   ana lys i s .  

Analysis.  of  Experimental  Measurements 

No i se   cha rac t e r i s t i c s   o f   he l i cop te r s   a r e   u sua l ly   desc r ibed  on 
t h e   b a s i s   o f   p l o t s  of  sound  pressure level versus  frequency, o r  
pressure  time h i s t o r i e s .  Correct unders tanding   and   in te rpre ta t ion  
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of su& experimental   data  i s  v i t a l  t o  the   u se   o f   such   da t a   fo r  
comparison  with thee-retical data o r  to g ive   p rope r   d i r ec t ion  t o  
t h e  development  of  analysis  techniques. 

The fol lowing  discussion  presents   -experimental   data  which w i l l  
l a t e r   be   u sed   fo r   compar i son   w i th   p red ic t ed . r e s ,u l t s .  It i s  neces- 
s a r y   t o   u n d e r s t a n d   t h e   p e r t i n e n t   c h a r a c t e r i s t i c s   o f   t h e   e x p e r i m e n t a l  
d a t a   i n   o r d e r  t o  make a.meaningfu1  comparison  betweell  theory and 
measurement.  Data f o r   t h e  HU-1A and t h e  H-34 are u s e d   i n   t h i s  re- 
p o r t  as a basis   for   such  comparisons.  

Table I p r e s e n t s   t h e   l o c a t i o n   o f  the f i e l d   p o i n t s   i n   r e l a t i o n  
to t h e   r o t o r  hub i n  terms 0-f cy l ind r i ca l   coo rd ina te s .  These f i e l d  
p o i n t s   d e f i n e   t h e   l o c a t i o n   o f   t h e   o b s e r v e r   i n   f i g u r e  8 and  subse- 
quent   f igures .   Figure 8 shows the  measured  sound  pressure  level 
versus   f requency  curve  for  an HU-1A. Main r o t o r  harmonic number 
loca t ions   a r e   i nd ica t ed .   In s t rumen ta t ion   ca l ib ra t ion   cha rac t e r i s -  
t i cs ,  t oge the r   w i th   t he  SPL versus   f requency  plot   g ive  harmonic 
spacing  within 2 %  o f   t he   spac ing   p red ic t ed   fo r  t h e  normal  rotor 
speed  of 314 RPM. T h i s   e r r o r  i s  w e l l  wi thin tha t  expec ted   for  
rotor  speed  measurement. High amplitude  off-harmonic  peaks  are 
not   expected and do not   occur   for   f requencies  up t o   t h e   f i f t h  
blade  passage  harmonic since the   dominant   source   o f   no ise   in   th i s  
frequency  range i s  r o t a t i o n a l   n o i s e  from t h e  main r o t o r  which 
occurs   only  a t   the   blade  passage  f requency.  (The f i r s t  main r o t o r  
harmonic i s  not   recorded  due  to  low frequency  cut-off  of  the  in- 
s t rumenta t ion) .  

T a i l   r o t o r   n o i s e  i s  s i g n i f i c a n t ,   a s  i s  seen from f i g u r e  8. 
Gear r a t i o s  and e f f e c t i v e l y   i n f l e x i b l e   s h a f t i n g   r e s u l t   i n   t a i l  
rotor  harmonic  spacing  approximately 5 .14  times t h e  main r o t o r  
harmonic  spacing. 

The f i r s t   f i v e  main rotor  harmonic  peaks  and the f i r s t  three 
o r   fou r   t a i l   r o to r   ha rmon ic   peaks   a r e   dominan t  i n  t h e i r   r e s p e c t i v e  
frequency  ranges,  and come very  near t h e  expected  frequencies.  
However, above t h e   s i x t h  main rotor  harmonic  (about 60  cps )   t he re  
are off-harmonic  peaks  of  the same order of  magnitude as t h e  main 
ro tor   peaks .   S ince   the  HU-1A has a tu rb ine   engine ,   the   engine  
noise   should be small  a t  t h e s e   r e l a t i v e l y  low f requencies .  A s  may 
be seen from f i g u r e  8 ,  t h e   t a i l   r o t o r  harmonic  spacing i s  uniform, 
which s t rong ly   sugges t s   t ha t   t he   i n s t rumen ta t ion  i s  not   causing 
f requency   sh i f t ing   o f   the   peaks   o f   the  SPL versus   f requency  plot .  
However, peaks on the  order   of   magni tude  of  main ro tor   no ise   peaks  
do occur a t  f r equenc ie s   no t   i den t i f i ed   a s  main r o t o r   o r  t a i l  r o t o r  
frequencies  (and  with  spacing which i s  n o t  main r o t o r  harmonic 
spacing) . Since   the   . f requency   sca le   appears   to  be r e l i a b l e ,  and 
s ince  peaks were measured a t   f r e q u e n c i e s  and with  spacings which 
cannot  be  due t o  main or t a i l  rotor  peaks,   these  off-harmonic 
peaks  must  be  due to   ano the r   sou rce  which i s  not   per iodic   wi th  
r e spec t  t o  main r o t o r   o r  t a i l  rotor   blade  passage.  A nonuniform 
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r o t o r   s p e e d   c o u l d   r e s u l t   i n   b l a d e   l o a d i n g s   w h i c h   d i f f e r  from  blade 
t o  blade a t  t h e  same azimuth  point,   and.thus  produce  off-harmonic 
noise.   This,however i s  n o t   b e l i e v e d   t o  be the  case.   Vortex  shed- 
d ing   of   the   vor tex  street type ' is  a noise  source  which i s  n o t  
periodic  with  res.pect  to  blade  passage  and  which may account   for  
some of the  off-harmonic  noise   peaks  that  are observed. 

Figure 9 shows a p l o t   o f  SPL versus   f requency  for   an H-34 
he l i cop te r   w i th  .which t h e o r e t i c a l   p r e d i c t i o n s  w i l l  be  compared. 
The l a rges t   peaks   t ha t   a r e   obse rved  do not   genera l ly   occur   near  
main rotor  harmonic  frequencies and  have  been i d e n t i f i e d   a s   e n g i n e  
noise .  The engine   f i r ing   f requency  is about 2 0 . 5  cps ,  and t h i s  i s  
the  spacing  of  SPL peaks marked by t h e  l e t t e r  E. The main r o t o r  
harmonic  spacing i s  about 1 4 . 7  cps ,   and  these  harmonic  posi t ions 
have  been ind ica t ed  by M. ( A s  wi th   the  HU-1A d a t a ,   t h e   f i r s t  main 
rotor   harmonic i s  not   recorded due t o  low frequency  cut-off   of   the  
in s t rumen ta t ion ) .   Ta i l   ro to r   ha rmon ic   pos i t i ons   a r e   s ix  times t h e  
main rotor   harmonic  spacing,  and a r e  marked T. I t  i s  n o t e d   t h a t  
some of the   l a rge r   peaks   a r e  due t o  a combination  of  engine-main 
r o t o r ,   o r   e n g i n e - t a i l   r o t o r   n o i s e .  It  i s  noted  that   the   peaks  due 
t o   e n g i n e   n o i s e  were n o t   i d e n t i f i e d   a s   s u c h   u n t i l   a f t e r   t h e   p u b l i -  
ca t ion   of   re fe rence  9 .  Figure 9 d a t a  i s  f o r   t h e   e x h a u s t  side of 
t he  H-34, so t h e  dominance  of  engine  exhaust  noise i s  not  unexpected. 
P l o t s  of SPL ve r sus   f r equency   fo r   s eve ra l   o the r   f i e ld   po in t s  were 
s tud ied  however  and engine  noise  s t i l l  dominates  although  not 
always by t h e   e x t e n t   i n d i c a t e d  i n  f i g u r e  9.  A s  noted  previously 
f o r   t h e  HU-lA,  there   a re   o f f -harmonic   peaks   for   the  H-34 of   the  
same magnitude  as  the main rotor  harmonic  peaks  above  the 6 t h  main 
r o t o r  harmonic.  Both  the HU-1A and t h e  H-34 have  approximately  the 
same SPL v a l u e s   f o r  main ro tor   harmonic   pos i t ions ,  where the  t a i l  
o r  engine  noise   effects   are   not   dominant .  

Comparison of t he   da t a   p re sen ted   i n   f i gu res  8 and 9 show  some 
impor t an t   cha rac t e r i s t i c s .  First, t h e  SPL of   the main ro to r   ha r -  
monics do not   d rop   of f   as   rap id ly   as   p red ic ted  by theor ies   inc luding  
on ly   ro t a t iona l   no i se .  R a t h e r ,  t h e r e  i s  a very  gradual   decrease 
f o r   t h e  HU-1A and  an increase  fol lowed by a dec rease   fo r   t he  H - 3 4 .  
Second,  the  main  rotor i s  not  t h e  dominant  noise  source  over  the 
ent i re   f requency  range.   Engine  noise  i s  dominant f o r   t h e  H - 3 4  and 
t a i l   r o t o r   n o i s e  i s  dominant f o r   t h e  H U - l A ,  f o r   t h e   p a r t i c u l a r  
f i e l d   p o i n t s  of these  measurements.  Elimination.  of H-34 engine 
noise  would l e a v e   m a i n   r o t o r , t a i l   r o t o r  and ( e s p e c i a l l y  above 1 0 0  
cps)  off-harmonic  noise  as  the  dominant  noise  sources.  Elimina- 
t i o n  of HU-1A t a i l   r o t o r   n o i s e   l e a v e s  main r o t o r  and  off-harmonic 
noise  as the  dominant  noise  sources.   Third,   the  off-harmonic 
peaks  above  approximately 1 0 0  cps   are   of   the  same order   of  magni- 
tude   as   the  main ro tor   no ise   peaks .   P lo ts   o f  SPL versus  frequency 
f o r   t h e s e  two h e l i c o p t e r s   a t   o t h e r   f i e l d   p o i n t s  show e s s e n t i a l l y  
the  same c h a r a c t e r i s t i c s .  The t a i l   r o t o r   n o i s e   f o r   t h e  HU-1A and 
the   eng ine   no i se   fo r   t he  H-34 appea r   t o  be the  dominant  noise 
sources   over   most   of   the   f ie ld .  A l l  pub l i shed   p lo t s   o f  SPL versus 
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frequency  which are made with  narrow  bandwidth f i l t e r s  of 6 cps 
bandwidth or less show signif icant   off-harmonic  noise  over po r t ions  
of the frequency  spectrum. 

Theore t i ca l  Resul t s  and  Comparison  With  Experiment 

Vortex street type  vortex  shedding c a n  c o n t r i b u t e   n o i s e  Over a 
wide range  of  frequencies  and may be the   source  of the  observed  off-  
harmonic  peaks. The magnitude of t h e   v o r t e x  street cons t an t s  KL and 
KD of equat ions  ( 1 0 )  and (11) r e s p e c t i v e l y ,  are determined on t h e  
b a s i s   t h a t   t h e   v o r t e x  street noise  should  be on t h e   o r d e r   o f   t h e  
off-harmonic  noise level .  The t h e o r e t i c a l  method assumes t h a t  
i d e n t i c a l   e v e n t s   t a k e   p l a c e  a t  t h e  same szimuthal   posi t ions  regard-  
less o f   p a r t i c u l a r   b l a d e  o r  i t s  passage. I t ,  t h e r e f o r e ,  computes 
no i se   on ly  a t  main rotor  harmonic  frequencies.   Although  disordered 
vortex  shedding may inva l ida t e   t h i s   a s sumpt ion ,   neve r the l e s s ,  the 
vor tex  street  n o i s e   l e v e l s  were assumed t o  occur a t  t h e  main r o t o r  
harmonics  and w e r e  used t o   e v a l u a t e  t h e  vo r t ex  s t reet  cons tan ts .  
The vortex  shedding  frequency is  an impor t an t   f ac to r   i n   t he  computa- 
t i on   o f   t he   magn i tude   o f   t he   Four i e r   coe f f i c i en t s   o f  t h e  vo r t ex  
street no i se  and- i s  i n v e r s e l y   p r o p o r t i o n a l   t o   t h e   d i s t a n c e  between 
t h e  rows o f   vo r t i c i e s   shed  from a p a r t i c u l a r   b l a d e   a t  any time. 
While t h i s   d i s t a n c e  i s  known f o r   c y l i n d e r s ,  no  such  measurements 
are known t o   e x i s t   f o r   a i r f o i l s   a t  l o w  angles   of  at tack, and, &ere- 
f o r e ,  values of  h/d  of 1.0 and  1.54 as sugges t ed   i n   r e f e rences  8 and 
25 r e s p e c t i v e l y ,  were used  in  computing  the  vortex street cons t an t s ,  
KL and KD. The values   of  KL and KD as computed  by t h e  method  of 
l ea s t  squares  f i t  v a r i e d   f o r   d i f f e r e n t   f i e l d   p o i n t s  and  h/d r a t i o .  
General ly  0.5 f XL 5 1 . 0  and 0 . 1  i < 0.5  resulted.   Because  of 
c a n c e l l a t i o n   e f f e c t s   t h e s e   v a l u e s  of KL and KD are o rde r  of magni- 
tude estimates. While  various K and KD values  were used t o  s tudy L 
the e f f ec t   o f   t hese   pa rame te r s ,  KL = 1 . 0  and KD = 0 . 5  seemed t o  
g i v e  good c o r r e l a t i o n   f o r   s e v e r a l   f i e l d   p o i n t s ,  so they  were used 
f o r  m o s t  of   the  computations.  These values   of  KL and KD give  vor-  
t e x  street  l i f t  and  drag  force  magnitudes of t h e   a r d e r   o f   t h e  
s t e a d y   a r a g   f o r c e   f o r   a n   a i r f o i l ,  and t h e r e f o r e  seem reasonable .  
Experiments  should  be  conducted t o  de te rmine   the i r   numer ica l  
va lues  more accura te ly .  

'D - 

Figure 1 0  shows a comparison  between  the  measured SPL's and 
t h e  computed SPL's a t  main rotor  harmonics  for  an HU-1A h e l i c o p t e r  
f o r  an  h/d of 1.54  and f o r   d i f f e r e n t   v a l u e s  of KL and KD. (Note 
t h a t  SPL va lues   a r e  computed a t  main rotor  harmonic  frequencies 
only.  The l i n e s   j o i n i n g  t h e  d a t a   p o i n t s  are f o r  ease of i d e n t i f i -  
c a t i o n ,  and  do not r ep resen t  a continuous SPL versus  frequency 
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spectrum). The r o t a t i o n a l   o n l y  (KL = 0, KD = 0 )  noise shown i n  
f i g u r e  1 0 , i s  t h e  same as zomputed i n   r e f e r e n c e  9. I n  g e n e r a l ,   f o r  
KL, KD > 0, t h e r e  i s  a s i g n i f i c a n t   i n c r e a s e   o f   p r e d i c t e d   n o i s e  

above the  seventh  harmonic.  The larger va lues   o f  KL and K give  
l a r g e r  SPL va lues ,   except  where there is  almost complete  cancella- 
t i o n  between  the  various  sources,   such as a t  t he   e igh teen th   ha r -  
monic,  and t o  a l imited  degree  for   the  twelf th   harmonic.  A l l  of 
t h e   p r e d i c t e d  SPL va lues  are ve ly  close t o  t h e   r o t a t i o n a l   v a l u e s  
f o r   t h e  low harmonics, so t h e  S P L r s  f o r   t h e   n o n r o t a t i o n a l   n o i s e  
sources  are shown only  as they  become d i s t i n c t  from t h e   r o t a t i o n a l  
no i se  S P L ' s  on this and  subsequent   plots   of  SPL versus  harmonic 
number. There i s  s u b s t a n t i a l  improvement  between t h e   p r e d i c t e d  
and  measured SPL wi th   t he   i nc lus ion   o f   vo r t ex  street  n o i s e   i n  
a d d i t i o n   t o   r o t a t i o n a l   n o i s e .  The l a rges t   peaks   o f   t he  rneasured 
SPL va lues  are nea r   t he   t a i l   r o to r   ha rmon ics .  T h e r e  i s  no repre- 
s e n t a t i o n   o f   t h e  t a i l  r o t o r   i n   t h e   p r e d i c t e d  SPL, so no  comparison 
should be made a t  t h e s e   p o i n t s .  The p red ic t ed  SPL v a l u e s   f a l l  
below the  harmonic  peaks a t  a l l  harmonics. However, t h e   p r e d i c t e d  
va lues  do come c l o s e r  t o  t h e   l e v e l  of the  off-harmonic  noise .  

D 

Figure 11 shows t h e  measured  and  computed SPL va lues   wi th  t w o  
d i f f e r e n t  h/d  values   for   the  vortex  noise   computat ion.  The value 
of h/d  of 1 . 5 4  g ives   genera l ly   be t te r   agreement   wi th  t h -  measured 
SPL values   than does the   va lue   o f  h/d  of 1. Both t h e  SPL va lues  
i n d i v i d u a l l y ,  and the   t rend   wi th   increas ing   harmonic  number appear 
t o  be b e t t e r  fo r  an h/d of 1.54.  Except f o r  t h e  results f o r  h/d 
of 1 . 0  f o r  harmonic  numbers 1 0  and 11, which are probably  due t o  
cance l l a t ion   e f f ec t s ,   compar i son   o f   t he   r e su l t s   p re sen ted   i n  
f i g u r e s  1 0  and I1 i n d i c a t e   t h a t   t h e   p a r a m e t e r s  KL and K D  are more 
s i g n i f i c a n t   t h a n  h/d.   Because  of   the  resul ts  shown i n   f i g u r e s  1 0  
and 11, and  because   o f   addi t iona l   resu l t s   tha t   have   no t   been   pre-  
s en ted ,   t he   va lues   o f  h/d  of 1.54, KL of 1.0, and KD of 0 .5  were 
u s e d   i n  computing SPL va lues  and p res su re  time h i s t o r i e s   f o r   t h e  
HU-1A and t h e  H-34 i n   h o v e r ,  and f o r   t h e  H-34 i n   v a r i o u s   f l i g h t  
condi t ions .  

As may be  seen f r o m  f i g u r e s  1 0  and 11, t h e r e  i s  cons iderable  
improvement  between p red ic t ed  and  measured SPL va lues   w i th   t he  
i n c l u s i o n  of vo r t ex  street e f f e c t s .  However, there   remains a 
ra ther   se r ious   l ack   of   agreement  a t  t h e  harmonic  peaks. A s  pre- 
viously  mentioned,  only  sources which are per iodic   should   be  
expec ted   to   resu l t   in   such   peaks .   There  are several poss ib l e  
reasons why t h e   p r e s e n t   p r e d i c t e d   r o t a t i o n a l   n o i s e  i s  below t h e  
measured   no ise ,   par t icu lar ly   in   the   h igher   harmonics .   One . i s  
tha t   poss ib le   no ise   sources ,   such  as b l a d e   t h i c k n e s . ~   e f f e c t s ,  
have   been   neglec ted   in   th i s   ana lys i s .  The high  peaks  near   the - 

t h   t h   t h   t h  
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5-, lo-, 15-, and 20- harmonics   for   the HU-1A are most l i k e l y  
due t o  t a i l  ro tor  no i se ,  which has  not  been included.  Perhaps 



more impor tan t  is t h e   l a c k   o f   s u f f i c i e n t   d a t a   t o   a c c u r a t e l y   d e t e r -  
mine the  high  f requency  content  of the.measured  a i r loads.   Air load 
measurements made and  recorded  with  high  frequency  response  instru- 
mentation would provide a s i g n i f i c a n t l y  improved  foundation  for 
no i se   p red ic t ion  methods  based on measured  a i r loads  (which  are   the 
b a s i s   o f   a l l   c u r r e n t   r o t a t i o n a l   n o i s e   p r e d i c t i o n   m e t h o d s ) .  

The vor tex  street cons tan ts  as determined  for   the HU-1A i n  
hover were used t o  compute t h t  sound  pressure   l eve ls   for   the  H-34 
in   hover ,   and   in   forward   and   s teep   descent   f l igh t   condi t ions .  The 
resu l t s   o f   these   computa t ions  are shown p l o t t e d   i n   f i g u r e s  1 2  
through 15. 

A s  may be  seen  from  figure 1 2 ,  t h e   i n c l u s i o n  of vor tex   no ise  
has similar results f o r   t h e  H-34 a s   f o r   t h e  HU-1A in  hover.   There 
i s  s i g n i f i c a n t  improvement in  the  agreement  between  the  measured 
and p red ic t ed   no i se   w i th  t h e  u s e  of   the same values  of h/d, KL and 

KD as  were used f o r   t h e  HU-1A. Measured  off-harmonic  peaks e x i s t  
above the   s ix th   harmonic ,   and   the   p red ic ted   no ise  i s  of  approxi- 
mately t h e  same l e v e l   a s  t h i s  off-harmonic  noise. 

Figure 1 3  shows the p lo t   o f  SPL versus  harmonic number f o r  a 
s t e e p  descent f l igh t   condi t ion .   Exper imenta l   a i r load   da ta  was 
taken from reference  1 6 .  This  case was chosen  because it was 
i n d i c a t e d   i n   r e f e r e n c e  16  t h a t   b l a d e   s l a p  may have  been  present. 
Remarks made i n   r e f e r e n c e  1 6  included t h e  comments "rough;  blades 
f l a p p i n g   e r r a t i c a l l y ;   u n s t e a d y   f l i g h t . "  Some c h a r a c t e r i s t i c s   o f  
t h e  SPL versus   harmonic   p lo t   for   th i s   s teep  descent f l i g h t   c a s e  
a r e   d i f f e r e n t   t h a n   f o r   e i t h e r  t h e  hover   o r  t h e  fo rward   f l i gh t  
cases. While t h e  maximum SPL value i s  about   the same a s   f o r  t h e  
hover  case,   and  also  occurs a t   t h e   f i r s t  main rotor   harmonic,   the  
second and higher  harmonics  have SPL values  about lOdB higher  on 
the  average. The inc lus ion   of   vor tex  street  noise   increased t h e  
SPL values  above  the  fourth  harmonic.   This  increase i s  on t h e  
o r d e r   o f   t w e n t y   t o   t h i r t y  d B ,  which i s  the same order  of  magnitude 
inc rease   a s  was observed  for  t h e  hover  case. An unusual   fea ture  
o f   t h i s  SPL lrersus  harmonic number curve i s  the   r e l a t ive ly   un i fo rm 
l e v e l  o f   no i se   fo r   t he   vo r t ex  street p lus   ro t a t iona l   no i se  above 
the  eighth  harmonic.   This may be an ind ica t ion   o f   s t rong   vo r t ex  
shedding  over a wide por t ion   o f   the  blades, w i t h  a r e su l t i ng   un i -  
form SPL over a wide  frequency  range. 

Figure 1 4  shows SPL versus  harmonic number f o r   t h e  H-34 h e l i -  
c o p t e r   a t  V = 115 knots.  The ro t a t iona l   no i se   a lone  i s  s i g n i f i -  
can t ly   h igher   than   for   hover   f l igh t   condi t ion ,  and the   addi t ion   o f  
vortex  noise   does  not   give  as   large an inc rease  i n  n o i s e   l e v e l   a s  
it d id   i n   hove r .  The inc lus ion  of vo r t ex   no i se   has   t he   g rea t e s t  
effect  above t h e   e i g h t h  main rotor  harmonic,  and  as i n  the  hover  
case ,   inc lus ion   of   vor tex  street n o i s e   i n   a d d i t i o n  t o  r o t a t i o n a l  
no i se   gene ra l ly   i nc reases   t he  SPL va lues   in   the   h igher   harmonics ,  
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and leaves t h e  lower harmonics  unaffected.   Both  the  hisher level 
for the   rotat i .ona1  noise   only. ,   and  the  increased  values  of SPL i n  
the   h igher   harmonics  are exp .ec ted   resu l t s  for high  forward  speed 
f l i g h t   c o n d i t i o n s  as compared t o  hover   f l ight .   condi t ions.  

To i n v e s t i g a t e   t h e   e f f e c t  on t h e   n o i s e   c h a r a c t e r i s t i c s   o f  a 
blade  experiencing  impulsive  loading,  as occurs  .when a b lade   passes  
through o r  n e a r  a t r a i l e d  vortex,  the az imutha l   va r i a t ion  of aero- 
dynamic s e c t i o n   l o a d i n g  w a s  modified by t h e  .same modif ica t ion  as 
used i n   r e f e r e n c e  9,  The r e s u l t s  o f   t h e s e   c a l c u l a t i o n s  are pre- 
sen ted  i n  f i g u r e  15. 

The modified  aerodynamic  section  loading, ASL,  is t h e   t y p e  
sugges t ed   i n   r e f e rence  11 t o  account   for   sn  impulsive downwash. 
The modi f ica t ion  was made i n   t h e  azimuth  angle range of  approxi- 
mately 80 d e g r e e s   t o  120 degrees   and   for   f rac t iona l   b lade   spans   o f  
r / R  = 0.85, 0 .90 ,  and  0.95. The p l o t  of the  modif ied ASL versus  
azimuth, shown as an i n s e r t  on f i g u r e   1 5 ,  i s  f o r  r / R  =- 0.95. The 
curves fo r  o t h e r  r / R  are i n c l u d e d   i n   f i g u r e  39 of   re fe rence  9.  I t  
i s  noted by comparison  of   resul ts   presented i n  f i g u r e s  1 4  and 15 
t h a t  no s i g n i f i c a n t   d i f f e r e n c e  w a s  o b t a i n e d   i n   t h e   p l o t s  of SPL 
versus  harmonic number as a r e s u l t  of t h e   m o d i f i c a t i o n   i n   t h e  ASL 
Only one set  of KL and K va lues  are shown i n   f i g u r e s  1 2  through 
15 .  Other  values were used,   with  the same r e s u l t   a s   f o r   h o v e r .  
That i s ,  la rger   va lues   o f  KL and K D  g i v e   l a r g e r  SPL values .  Excep- 
t i o n s  may occur   where  cancel la t ion i s  almost  complete a t  some 
harmonic  numbers f o r  some combinations  of KL and KD. 

D 

Par t  o f   t he   mo t iva t ion   fo r  computing SPL versus  harmonic num- 
be r   ca l cu la t ions   w i th   t he   mod i f i ed  ASL f o r   t h e  V = 115  knot case 
was to   de t e rmine   i f   no i se   cha rac t e r i s t i c s   wh ich   migh t   be   i nd ica t ive  
of impulsive  blade  loading  could  be  observed.  Such loading i s  
thought t o  be   an   impor t an t   f ac to r   i n   no i se   cha rac t e r i s t i c s   ca l l ed  
" s l a p "   o r  ''bang." A s  may be ' seen  from f i g u r e  16, t h e  SPL versus  
harmonic number p l o t s   f o r   r o t a t i o n a l   n o i s e   o n l y   d i f f e r   s l i g h t l y  
for  the  modified  and  unmodified ASL, f o r  V = 115  knots ,   and  s lap 
o r  bang n o i s e   c h a r a c t e r i s t i c s   a r e   n o t   o b v i o u s  f r o m  t h i s  form of 
no i se   da t a   p re sen ta t ion .  I t  i s  n o t e d   t h a t   n o i s e   c h a r a c t e r i s t i c s  
general ly   associated  with  impulsive  blade  loading  have  been  ident i -  
f i e d  from exper imenta l   p ressure  time h i s t o r i e s   r a t h e r   t h a n   p l o t s  
of SPL versus   f requency.   Predicted  pressure time h i s t o r i e s  were 
computed, t h e r e f o r e ,   f o r   s e v e r a l   f l i g h t   c o n d i t i o n s   t o   d e t e r m i n e  if 
t h e   d i s t i n c t i v e   c h a r a c t e r i s t i c s   r e l a t e d  t o  impulsive  blade  loading 
could  be  predicted.   Pressure time h i s t o r i e s  were computed f o r   t h e  
H - 3 4  in   h igh   speed   forward   f l igh t   wi th   and   wi thout   modi f ied   a i r load  
d a t a ,   f o r   t h e  H - 3 4  i n   s t e e p   d e s c e n t ,   a n d   f o r   t h e  HU-1A and H - 3 4  i n  
hover. The high  speed  forward  f l ight  case was done t o  see if any 
s i g n i f i c a n t   d i f f e r e n c e s   i n   t h e   p r e s s u r e  t i m e  h i s t o r i e s  would be 
obta ined  when the   measured   az imutha l   var ia t ion   o f   the   a i r loads  
was modified. The s t eep   descen t  case was done t o  see i f  any ind i -  
ca t ion  of b lade   s lap   could  be observed from t h e   p r e d i c t e d   p r e s s u r e  
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t i m e  history.   Since  measured time h i s t o r i e s  were a v a i l a b l e   f o r  
the H-34 and HU-1A.in hover ,   predicted t i m e  h i s t o r i e s  for  t h e s e  
s h i p s   i n   t h e  same f l i g h t   c o n d i t i o n  were obtained.. The measured 
t i m e  h i s t o r i e s  fo r  the .  H-34 and HU-1A. are shown i n  f i g u r e s  1 7  and 
18 and  predicted t i m e  h i s t o r i e s  for  t h e  HU-1A without  and with 
vo r t ex   no i se   e f f ec t s   i nc luded  are shown i n  f i g u r e  1 9  and f i g u r e s  
20 and 2 1 ,  r e s p e c t i v e l y ,  The pressure.  time h i s t o r y   f o r   t h e  H-34 
w i t h  vo r t ex   no i se   e f f ec t s   i nc luded  i s  shown i n   f i g u r e  22. There 
are l i m i t a t i o n s  on both  the  lneasured  and  the  predicted  pressure 
time h i s t o r i e s  which s e r i o u s l y  restrict any  attempt  for  comparison 
between  them, Some of t h e   l i m i t a t i o n s  are as fol lows:  

1. A s  p rev ious ly   no ted ,   t he   i n s t rumen ta t ion   has  a l o w  f r e -  
quency  cut-off   which  affects   f requencies   in   the  range 
o f   t h e   f i r s t   o r   s e c o n d  harm0rri.c of  blade  passage. The 
p r e d i c t e d   n o i s e   f o r   b o t h   t h e  HU-1A and H-34 has i t s  
largest  component i n  t h e   f i r s t  harmonic.  Because  of  the 
l o w  f requency  cut-off ,   noise  a t  these  f requencies   does 
not   appear   in   the  measured  pressure t i m e  h i s t o r i e s .  

2 .  The measured  noise has s igni f icant   f requency   conten t  
above the  twent ie th   harmonic  of   blade  passage  f requency,  
which i s  the   p resent   upper  l i m i t  on  harmonic number f o r  
t h e  computer  program. 

3.  The measured  noise   for  t he  HU-1A conta ins  a l a r g e  amount 
o f   t a i l   r o t o r   n o i s e  and the   engine   exhaus t   no ise  i s  pre- 
dominant i n   t h e  H-34 da ta .  The p r e d i c t e d   n o i s e ,  however, 
conta ins   on ly  main ro to r   no i se .  

4. There i s  no   cor re la t ion   be tween  ro tor   pos i t ion  and noise  
measurement a t  t h e   f i e l d   p o i n t ,  sc t he  t i m e  a x i s   o r i g i n  
cannot   be  es tabl ished  for   comparat ive  purposes .  

5. The measured  a i r loads  used  to  compute t h e  time h is tor ies  
were obta ined   dur ing  a d i f f e r e n t  set o f   f l i g h t s   t h a n   t h o s e  
during  which  the  noise  measurements were made. 

Because of t h e s e   s e v e r e   l i m i t a t i o n s ,  a comparison  of  predicted  and 
measured  pressure t i m e  h i s t o r i e s   f o r  t h e   h e l i c o p t e r s   i n   h o v e r  i s  
d i f f i c u l t  t o  accomplish,  and  has  not been  attempted. 

On t h e   b a s i s   o f   j u s t   t h e o r e t i c a l  results,  however, i n t e r e s t i n g  
e f f e c t s  may be  observed f r o m  t h e   p r e d i c t e d   p r e s s u r e  t i m e  h i s t o r i e s .  
There i s  a d e f i n i t e   s i m i l a r i t y   i n   t h e   s h a p e s   o f   t h e   p r e s s u r e  t i m e  
h i s t o r i e s   f o r   t h e  H U - 1 A  a t  f i e l d   p o i n t s  a t  seven  o 'c lock ( q ~ ~  = 330O) 
and  e leven  o 'c lock ( $ o  = 210O) as shown i n   f i g u r e s  20  and 21, respec- 
t i v e l y ,   i n   t h a t  one large p res su re   pu l se  occurs i n  each period.  I t  
i s  n o t e d   t h a t   t h e  t i m e  of a r r iva l  o f   t he   sha rp   p re s su re  r i se . i s  
observed a t  seven  o 'c lock 0.39T la ter  than  a t  e leven  o 'c lock.  The 
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no ted   d i f f e rence   i n  t i m e  o f   a r r i v a l  would  be  observed i f  t h e r e  
were a c a u s a t i v e   a i r l o a d   c h a r a c t e r i s t ' i c  a t  a s i n g l e   p o i n t  on t h e  
ro to r   d i sc   l oca t ed   abou t  4-3 f e e t   c l o s e r  t o  the   e ieven   o 'c lock  
f i e l d   p o i n t   t h a n   t o   t h e  se .ven  o 'c lock  f ie ld   point .  Two r o t o r  
p o i n t s   w i t h   t h a t   r e l a t i o n  t o  t h e   f i e l d   p o i n t   o c c u r   n e a r  $ = 180'. 
Inspec t ion   of   the   measured   a i r load   da ta   ind ica tes ,   however ,   tha t  
t h e r e  is no t  a d i s t i n c t i v e   a i r l o a d   v a r i a t i o n   n e a r   t h e s e   a z i m u t h a l  
l oca t ions .  

Di f fe rences   in  times of   a r r iva l   o f  a pressure  t i m e  h i s t o r y  
p a t t e r n   a t   d i f f e r e n t   f i e l d   p o i n t s   c o u l d   o c c u r   f o r  a uniformly 
loaded  rotor .  The t i m e  s h i f t   o f   t h e   p a t t e r n  would be  proport ional  
t o   t h e   d i f f e r e n c e   i n   a z i m u t h a l   l o c a t i o n   o f   t h e   f i e l d   p o i n t ,  and 
depends  solely on t h e   d i s t a n c e  from t h e   b l a d e s   t o   t h e   f i e l d   p o i n t .  
That is ,  a sound p a t t e r n  may be thought   o f   as   ro ta t ing   wi th   the  
he l i cop te r   ro to r .   Fo r  t h e  f i e l d   p o i n t s  i n  q u e s t i o n   f o r  a two- 
b laded   ro tor   ro ta t ing   zounterc lockwise ,   the  time s h i f t  of t h e  
pressure  t i m e  h i s t o r y  would  be 2T/3. The predic ted   p ressure  t i m e  
h i s t o r i e s  do no t  show agreement  with  either  of  the  simple  models 
u sed   t o   exp la in   t he   poss ib l e   sh i f t   o f  t i m e  of  the  sound  pattern.  
I n   r e a l i t y ,   b o t h   e f f e c t s  w i l l  be i n   o p e r a t i o n ,  and a combination  of 
them w i l l  con t ro l   t he   p re s su re  t i m e  h i s t o r i e s   o v e r   t h e   e n t i r e  
f i e l d .  ( I t  may be poss ib l e   t o   de t e rmine   t he   l oca t ion   i n   t he   ro to r  
d i s c   o f  a d i s t i n c t   v a r i a t i o n  i n  t h e   a i r l o a d   f r o r   t h e   p r e s s u r e  t i m e  
h i s t o r i e s   a t  more than   one   f ie ld   po in t . )  

The predic ted   p ressure  t i m e  h i s t o r y   f o r   t h e  H-34 i n   hove r ,   a s  
shown i n   f i g u r e  22, has a d i f f e r e n t   c h a r a c t e r i s t i c   t h a n   t h a t  shown 
f o r   t h e  HU-1A i n   t h a t   b o t h  a p o s i t i v e  and a negative  pressure  peak 
are apparent   for   each  per iod.  I t  i s  uoted,  however, t h a t  t h e  magni- 
tudes  of  the  pressure  pulses  are  approximately  the same a s   t h a t   p r e -  
d i c t e d   f o r   t h e  HU-1A. 

Pressure time h i s t o r i e s  w e r e  p l o t t e d   f o r  t h e  H-34 h e l i c o p t e r  
in   h igh   speed   forward   f l igh t   wi thout   and   wi th   theore t ica l ly   based  
modi f ica t ions   to   the   measured   a i r loads .   Pressure  time h i s t o r i e s  
were p l o t t e d   f o r   t h e s e   a i r l o a d s   w i t h   r o t a t i o n a l   n o i s e   o n l y   i n  
f i g u r e  23 (cor responding   p lo ts   o f  SPL versus  harmonic number were 
presented i n  f i g u r e  16). A s  can be s e e n   i n   f i g u r e  23, the   modi f ied  
a i r l o a d   r e s u l t s   i n  a p ( t )   w i t h  a much s t e e p e r   g r a d i e n t   a t   a b o u t  
0.5T than  does  the  unmodified  airload.  Steep  pressure  gradients 
have  been  associated  with  the  noise  caused by i n t e r a c t i o n   o f  a 
blade  with a t r a i l i n g  t i p   v o r t e x   o f  a preceding  blade.  A s  pre- 
v i o u s l y   n o t e d ,   t h i s   d i s t i n c t i v e   c h a n g e   i n   n o i s e   c h a r a c t e r i s t i c  was 
not   observed i n  t h e   p l o t  of SPL versus  harmonic number f o r   t h e  
modi f ied   a i r loads .  

Figures 24 and 25 show t h e  pressure  t i m e  h i s t o r i e s   a s  computed 
f o r   t h e  H-34 i n  h igh   speed   f l igh t   inc luding   the   combined . ro ta t iona1  
and vor tex  street a i r loads .   F igure  24 p r e s e n t s   t h e   p r e d i c t e d  time 
h is tor ies   for   the   unmodif ied   a i r loads   and   f igure  25 presen t s  the 
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r e su f t s   u s ing   t he   mod i f i ed   a i r loads .  The pressure  time h i s t o r i e s  
fo r   t he   h ign   fo rward . speed   ca ses  arc s i g n i f i c a n t l y  changed by t h e  
add i t ion  of vor tex  street noise.  Superposi.tion  of  sound  from  the 
r o t a t i o n a l  and vo r t ex  street  forces  o.ccurs,  so large  magnitude 
high  frequency  zomponents,  which come from the   vo r t ex   no i se ,   t end  
t o  mask the   s teep   gard ien t   observed   in   the   p ressure  t i m e  h i s t o r y  
from the   mod i f i ed   a i r load   da t a  w i t h  ro t a t iona l   no i se   on ly ,   a s  was 
shown i n   f i g u r e  23. It  is  i n t e r e s t i n g  t o  n o t e   i n  comparing t h e  
r e s u l t s   o f   f i g u r e s  24  and 25 t h a t   t h e  combined vor tex  and ro ta -  
t i o n a l   n o i s e  seemed to   concent ra te   the   h igh   f requency   osc i l la t ions  
due to   vor tex   shedding   over  a narrow  azimuth  range when t h e  modi- 
f i e d   a i r l o a d s  were used. The high  frequency  content,  however, i s  
present   over  a major i ty   of   the  t i m e  per iods  for   the  unmodif ied 
a i r l o a d  case. High  frequency  variation  of  sound  pressure  over a 
narrow  azimuth  band  has  been  associated  with  blade  slap  (ref.  7 )  
as caused. by b lade-vor tex   in te rac t ion .  

The pressure  time h i s t o r y   f o r  t h e  s teep   descent  case, presented 
i n   f i g u r e  2 6 ,  a l so   has   l a rge   magni tude   h igh   f requency   var ia t ions  
over a l imi t ed   po r t ion   o f   t he   pe r iod .  The large  magnitude  high 
frequency  noise comes from vortex  shedding  and  as may be seen from 
t h e   p l o t  of SPL versus  harmonic number i n  f i g u r e  15,  t h e  vor tex  
noise  i s  dominant in   the  high  harmonics .  As previously  noted,  t h e  
combination  of  large  magnitude  high  frequency  noise  over a l imi t ed  
$ range  .has  been  identified  as  blade  slap.  It  i s  noted,  however, i n  
re ference  7 t h a t  t h e  frequency  content is s i g n i f i c a n t l y   h i g h e r   t h a n  
t h a t  shown i n   f i g u r e  26 .  This   d i f fe rence  i s  be l ieved   to   be   caused  
by t h e   f a c t   t h a t  t h e  upper l i m i t  on frequency  of   the  present  com- 
pu te r  program i s  the t w e n t i e t h  harmonic  of  blade  passage. The 
nondimensional t i m e  per iod  over  which the   observer   rece ives  this 
high  f requency  noise   corresponds  to  a b lade-vor tex   in te rac t ion  
occurr ing   near   the  90' az imutha l   l oca t ion   o f   t he   ro to r   d i sc ,  which 
is  n o t  an unusual   loca t ion   for  t h i s  phenomenon to   occu r .  

An important  conclusion  that   can  be drawn  from t h e  results ob- 
ta ined   dur ing  t h e  analysis   of  the high  speed  forward  f l ight  and 
s teep   descent   cases  i s  tha t   impor t an t   no i se   cha rac t e r i s t i c s ,   such  
a s   b l ade   s l ap ,   a r e  shown from p l o t s  of  pressure t i m e  h i s t o r y  which 
a re   no t   recognizable  from t h e  usua l   p lo t s   o f  SPL versus  harmonic 
number. 

CONCLUDING REMARKS 

The theo ry   fo r   ca l cu la t ing   he l i cop te r   ro to r   no i se   has   been  
extended  to   include  vortex street shedding  noise   as  a noise   source 
i n   a d d i t i o n   t o   r o t a t i o n a l   n o i s e .  A numer ica l   in tegra t ion  was used 
t o   e v a l u a t e   t h e  sound  pressure levels and  pressure t i m e  h i s t o r i e s  
f o r  up t o  20 harmonics  of  the  main  rotor  blade a t  a g e n e r a l   f i e l d  
p o i n t   t r a n s l a t i n g   w i t h   t h e  hub. 
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Vortex street  force  magni tude  constants  were determined by a 
least  squares   f i t   approach   us ing   the   d i f fe rence   be tween  the  t o t a l  
measured  noise   and  the  predicted  rotat ional   noise  f o r  t h e  HU-1A 
he l i cop te r   i n   hove r .  While it was hoped t h a t   t h e s e   m i g h t  be 
"universa l   cons tan ts , "   the   approximat ions   involved   in   p red ic t ing  
the  magnitude of t h e   r o t a t i o n a l   n o i s e ,   a n d   l i m i t a t i o n s   i n   t h e  
measured  data resu l t s  i n   t h e s e   v a l u e s  f o r  the   vo r t ex  street con- 
s tants   being  order   of   magni tude estimates only. 

These  vortex street  cons t an t s  were, however,  used t o   p r e d i c t  
sound  pressure   l eve ls  and p res su re  t i m e  h i s t o r i e s   f o r   t h e  HU-1A 
h e l i c o p t e r   i n   h o v e r  and f o r   t h e  H-34 h e l i c o p t e r   i n   v a r i o u s   f l i g h t  
condi t ions .  R e s u l t s  showed tha t   ( for   hover ,   h igh   forward   speed ,  
and s t e e p   d e s c e n t )   t h e   f i r s t   f o u r   o r   f i v e   h a r m o n i c s   a r e   t h e  
l a r g e s t  and are unaf fec ted  by the  vortex  noise.   Higher  harmonic 
l e v e l s  do   appear   to   have   s ign i f icant   vor tex   no ise ,  so t h a t   a p p l i -  
c a t i o n  of t h i s  new theo ry   r e su l t ed   i n   an   apprec i ab le  improvement 
between predicted  and  measured  sound  pressure  levels.  I t  i s  noted ,  
however, t h a t   w i t h   t h e   a d d i t i o n   o f   t h e   v o r t e x   s h e d d i n g   e f f e c t s ,  
t h e   i n c r e a s e   i n   t h e   n o i s e   l e v e l s   a t   t h e   h i g h e r   h a r m o n i c s   f o r   t h e  
hover  and the s t e e p   d e s c e n t   f l i g h t   c o n d i t i o n s  was approximately 
twice that   determined  for   the  high  forward  speed case. 

While a s i g n i f i c a n t  improvement i n   p r e d i c t e d   n o i s e  was 
achieved ,   no ise   l eve ls  a t  harmonics  of  the  blade  passage  fre- 
quency still were no t   accu ra t e ly   p red ic t ed .   Th i s  may be  due t o  
d e f i c i e n c i e s   i n   t h e   t h e o r y ,   o r  it may be due t o   d e f i c i e n c i e s   i n  
t he   expe r imen ta l   a i r load   da t a   r equ i r ed   fo r   t he   ca l cu la t ion  of t h e  
higher   harmonics   of   the   rotat ional   noise .   Since  the  vortex  noise  
occurs   over  a wide  range  of   f requencies   ra ther   than  only  a t   the  
d i sc re t e   f r equenc ie s   o f   ro t a t iona l   no i se ,   t he   l eve l   o f   t he   vo r t ex  
n o i s e  i s  that   of   the   off-harmonic  noise ,   and  s ignif icant   changes 
i n   t h e   i s o l a t e d  harmonic  peaks  should  not  be  expected  from  the 
vor tex   no ise .  While t h e   f o r c e s .   a s s o c i a t e d   w i t h   % t h i c k n e s s   e f f e c t s  
and  vortex  shedding are r e l a t i v e l y  small, it i s  no ted   t ha t   h igh  
f requency   forces   o f   re la t ive ly   smal l   magni tude   can  make a s i g n i -  
f i c a n t   c o n t r i b u t i o n   t o   t h e   r o t o r   n o i s e   i n   t h e   h i g h e r   f r e q u e n c y  
range ,   regard less   o f   the i r   o r ig in .  

Predicted  sound  pressure t i m e  h i s t o r i e s  were p resen ted   fo r  
va r ious   f l i gh t   zond i t ions ,   Resu l t s   o f   t hese   t heo re t i ca l   ca l cu la -  
t i o n s   i n d i c a t e   t h a t   b l a d e   s l a p  characterist ics may be observed 
from p red ic t ed   p re s su re  time h is tor ies   for   bo th   h igh   forward   speed  
and s t e e p   d e s c e n t   f l i g h t   c o n d i t i o n s ,   b u t  w i l l  probably  not  be  recog- 
n i zab le  from the   cor responding   p lo ts   o f   sound  pressure   l eve ls   versus  
harmonic  number. 
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Based on the   r e sea rch   e f fo r t   r epor t ed   he re in   t he   fo l lowing  
s p e c i f i c  comments are presented. 

1. 

2. 

3 .  

4 .  

5. 

6. 

7. 

The experimental ly   determined  sound  pressure  level   data  
f o r   h o v e r   f l i g h t   c o n d i t i o n  which was u s e d   f o r   c o r r e l a t i o n  
shows that   the   off-harmonic  peaks  are   the same order   o f  
magnitude  as  the  harmonic  peaks, i n  the  higher  harmonics.  

Vortex  noise i s  a s i g n i f i c a n t   n o i s e   s o u r c e   i n   a l l   f l i g h t  
condi t ions   bu t  i s  more pronounced in   hover   and  s teep 
descen t   f l i gh t   cond i t ions .  

U s e  o f   t he  same nondimensional   constants   descr ibing  the 
frequency  and  force  character is t ics   of   vortex  shedding 
f o r  two d i f fe ren t   he l icopter   ro tor   sys tems  produced  
comparable  improvement i n  t h e   p r e d i c t i o n   o f   t h e   r o t o r  
no ise   in   the   h igh   f requency   range .  

Rotat ional   noise   a lone,   even  that   associated  with a r ap id  
change in   a i r load ing ,   does   no t   y i e ld  a pressure  t i m e  
h i s t o r y   s i m i l a r   t o  t h a t  measured fo r   b l ade   s l ap   (h igh   f r e -  
quency  high  amplitude  noise  over a l imi t ed   po r t ion   o f  a 
blade  passage time pe r iod ) .  

The inc lus ion   of   bo th   vor tex   and   ro ta t iona l   no ise   e f fec ts  
y i e l d s  a pressure  t i m e  h i s t o r y   s i m i l a r   t o   t h a t   a s s o c i a t e d  
with  blade  s lap  for   high  forward  speed and s teep   descent  
f l i g h t   c o n d i t i o n s .  

Publ ished  measured  a i r load  data  i s  cur ren t ly   inadequate  
f o r   u s e   i n   p r e d i c t i n g  +.he higher   harmonics   of   rotat ional  
noise .  

I t  i s  cons idered   un l ike ly   tha t   theore t ica l   methods   can   be  
deve loped   to   accura te ly   p red ic t   the   requi red   harmonic  
a i r loads   in   the   harmonic   range   of  1 0  through 1 0 0 .  
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TABLE I. FIELD P O I N T  MEMBERS AND POSITIONS 

Fie ld   po in t  
member 

F.P. 1 

F.P. 2 

F.P. 3 

F.P. 4 

F.P. 5 

. "" " ~ . . _ _ _ ~ ~ ~ _ _ _  " 

F i e l d   p o i n t   p o s i t i o n  

ver t ica l  
d is tance   rad ius   angle  ' clock ' 

ZO RO $ 0  p o s i t i o n  1 
-11 .4  f e e t  200  f e e t  3 3 0 "  ( 7 : O O  ) 

-16.0 f e e t  2 0 0  f e e t  3 3 0 °  ( 7 : O O )  

-16.0 f e e t  200  f e e t  120°  ( 2 : O O )  

-56.0 f e e t  1 1 2  f e e t  goo  ( 3:OO) 

- 1 1 . 4  f e e t  2 0 0  - f e e t  210°  (11:OO) 
~~ . 
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Figure 1. Coordinate  system,  isometric view. 
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shaft axis 

Figure 3 .  Blade s e c t i o n   q u a n t i t i e s .  
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- 0: U 

Symmetrical bodies,  vortex  drag  frequency 
i s  t w i c e  the  shedding  frequency. 

Nonsymmetrical bodies  includes  vortex drag 
frequency  the same as vortex  shedding 
frequency. 

Figure 4 .  Effect of body symmetry on 
vortex street drag  frequency . 
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Figure 5, Pressure  pulse  period. 
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Figure 6 ,  Ideal ized force d i s t r i b u t i o n s  versus chord, time. 
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Figure 8.  SPL vs  frequency for  HU-1A h e l i c o p t e r   i n  
hover. (Main r o t o r  and t a i l  rotor  harmonics 
are ind ica t ed  by the letters M and T, respec- 
t i v e l y . )  F.P. ,1, 3 cps bandwidth f i l t e r .  
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Figure 9 .  SPL vs f requency  for  H-34 he l i cop te r   i n   hove r .  
(Engine,  main rotor,  and t a i l   r o t o r  harmonics 
are ind ica t ed  by the letters E,.  M ,  and T,  
r e s p e c t i v e l y . ) .  F.P. 2 ,  3 cps  bandwidth f i l t e r .  
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Figure 1 0 .  Comparison of computed SPL's vs harmonic 
number for various KL and KD, with measured 
SPL's. H F l A  hel icopter  in  hover,  h/d=1.54, 
F . P .  1. 
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Figure 11. Comparison of computed SFL's vs  harmonic  number 
fo r  h/d.of 1.0 and 1.54. HU-1A helicopter in 
hover, F.P. 1. 
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Figure 1 2 .  Caparison of computed SPL'.s vs harmonic number 
with measured S P L ' s .  Y-34 hel icopter  in hover, 
F.P .  3 .  
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Figure 13. Computed SPL's vs harmonic number for s t e e p  
descent. H-34 h e l i c o p t e r ,  "7 = 0 ,  F.P. 4.  
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Figure 14 .  Computed SPL's vs harmonic number from unmodified 
ASL's, H-3.4 helicopter. ,  V=115 knots, F.P.  4.  
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Figure  15. Computed SPL's vs harmonic number from modified 
ASL'S. H-34 he l i copter ,  V = 115 knots, F .P.  1. 
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Figure 16. Comparison of computed SPL’s vs hannonic  number 
for modified  and  for  unmodFfied.ASL’s. H-34 
helicopter  with  rotational noise only,  V=115 
knots, F.P. 4. 



4 M.01 see 

Figure 17. Measured  pressure time history for 
HU-1A helicopter'in hover, F.P. 1. 
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Figure 1 8 .  Measured pressure time his tory  for 
H-34 he l icopter   in   hover ,  F.P.  2 .  
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Figure 19 .  Computed pressure time history  with 
rotat ional   noise   only  for HU-1A h e l i -  
copter  in  hover, F .P .  5 .  
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Figure 20.  Computed pressure time his tory   wi th   rotat ional  
and vortex no i se  for HU-1A he l icopter   in   hover ,  
K z 1 . 0 ,  K,,=O.5', F .P.  5 .  
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Fisure 21.  Computed pressure time his tory   wi th   rotat ional  
and vortex  noise  for HU-1A hel icopter   in   hover ,  
K L- - 1 . 0 ,  KD=0.5, F.P. 1. 
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Figure 22. .Canputed pressure time history  wi th  rotat ional  
and vortex noi se  for H-34 hel icopter  i n  hover, 
KL*l;o, KD~O.5, F.P. 3. 
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Figure 23.  Comparison of computed pressure time h i s t o r i e s  from 
unmodified and from modified ASL's for  H-34 
hel icopter.   Rotatignal  noise only ,  V=J 1 5  knots ,  
F .P,  4. 
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Figure 2 4 .  Computed pressure t i m e  h i s tory  from unmodified 
ASL'S for H-34 he l icopter .  KL=l.O, KD=0.5, 
V=115 knots,  F.P. 4 .  
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Figure 25. Computed pressure  t i m e  h i s t o r y  from modified ASL's 
for H-34 hel icopter .  KL=l.O, K =0.5, V=115 knots ,  
F.P. 4 .  D 
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Figure 26. Conhputed pressure time  history from steep descent 
ASL's for H-34 helicopter. KL=l.O, KD=0.5, P ' 0 ,  
FOP. 4. 
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